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ABSTRACT
The values of the BOD rate constant, obtained in the 
laboratory, have been used frequently in predicting the rate of 
biological stabilization of putrescible matter in streams and 
other polluted waters, and also in designing certain biological 
treatment processes* However, the absence of turbulence in the 
standard BOD test may significantly influence the rate of bio- 
chemical oxygen demand and thus provide erroneous values for the 
BOD rate constant,
laboratory studies were conducted to determine the effect 
of continuous stirring the contents of BOD bottles during car­
bonaceous BOD progression for twelve or more days. Several tests 
were conducted on synthetic media, raw sewage, primary settled 
sewage, and final effluent from the activated sludge process.
The contents of one set of BOD bottles were stirred continuo­
usly with individual magnetic stirrers while the other set was 
incubated under standard quiescent conditions. Typical BOD 
progressions of each waste under the stirred and unstirred
conditions have been obtained and compared. The effect of temp-
o
erature, in the range of 5 to 35 C, on the rate of BOD exertion . 
in the presence of turbulence has been studied also. Moreover, 
the effect of alternating dark and light.incubation on BOD 
progressions of samples containing algal cells was studied and 
compared with conventional dark incubation. The experiments
iii
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were conducted both under quiescent conditions and under con­
tinuous stirring of the BOD bottle contents.
In order to explain the mechanism in which turbulenoe 
influences the BOD progression in bottles, it was necessary 
to investigate the responce of heterotrophic organisms to tur­
bulence, the effect of CO2  produced by microbial respiration 
on BOD progression, and the effect of the existence of a stagn­
ant liquid film surrounding the cell membrane on the rate of 
oxygen and substrate utilization by microorganisms. All these 
factors were found to contribute significantly to the BOD 
progression.
Several accepted mathematical and graphical procedures 
for the evaluation of the BOD rate constant and ultimate carbon­
aceous oxygen demad were modified and used for analysis of the 
data. Occasionally, the values calculated for the same test by 
these different methods showed a considerable variation indica­
ting the limitations of each method'^ Therefore the average of 
the values obtained by different methods were used for comparing 
results and drawing conclusions with better confidence.
It is observed that all the tested wastes show a sig­
nificant increase in 5-day BOD values if the contents of the 
BOD bottles are continuously stirred during the BOD analysis 
by the standard method. The rate constant values also show 
a significant increase in all types of samples, whereas the 
increase in the ultimate carbonaceous oxygen demand is sig-
iv
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nifleant only in some of the final effluent samples* The in­
fluence of temperature on the BOD rate constant under turbulent 
conditions is similar to that obtained under quiescent condi­
tions* The rate of oxygen production by photosynthesis was 
found to increase significantly because of turbulence* In 
both quiescent and stirred bottles, the BOD of the samples 
containing algal cells was found to be significantly higher 
with dark incubation than that obtained with alternating light 
and dark incubation* This leads to the recommendation that 
the data obtained under quiescent conditions Should be inter­
preted carefully when it is applied to waste treatment practi­
ces or when discharging wastes into streams*
Ah attempt has been made to develop a model for the 
mechanism in which the turbulence affects the BOD rate constant, 
and a method for application of data obtained in the laboratory 
to the actual field conditions. A relationship between stirrer 
speed in BOD bottle and the corresponding rate constant value 
has been obtained for this purpose*
v
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CHAPTER I 
INTRODUCTION
The growing importance of effective pollution 
control has emphasized the need for improved methods f,or an- 
alyzlnas polluted waters. The most widely used measure 
of the pollutional strength of domestic and industrial 
wastewaters is the biochemical oxygen demand, BOD. This 
represents the oxygen required to oxidize the decomposable 
matter when discharged into the streams in which aerobic 
conditions exist. The BOD is also used as a parameter 
for design and operation of biological process and to meas­
ure plant efficiency.
The present accepted definition of biochemical oxygen 
demand of any wastewater or polluted water is ’’The amount of 
molecular oxygen required to stabilize the decomposable or­
ganic matter present in water by aerobic biochemical action.” 
.Theoretically, an infinite time is required for complete 
stabilization of decomposable organic matter but, for most 
practical purposes, the reaction may be considered to have 
completed in 20 days. In most applications, a 20-day period 
is too long to wait for knowing results. It has been found 
by experience that a reasonably large percentage of the total 
BOD is exerted in 5 days at 20°C and that these values are 
reproducible. Consequently the standard test has been de-
1
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2developed on the hasis of a 5-d^y Incubation period and 20°C 
incubation temperature. It should be emphasized that the 
5-day BOD value represents only a portion of the total BOD. 
The exact ratio between 5-day and total BOD depends upon 
the nature of the ”3001" and the character of the organic 
matter and can be determined experimentally.
The 5-day BOD test may be a useful practical means 
of controlling plant operation, but the knowledge on the 
rate at which BOD is exerted is desirable for plant operators 
to measure the effectiveness of biological treatment process. 
A higher rate of BOD exertion indicates a rapid rate of waste 
decomposition and stabilization and hence signifies more 
efficient treatment . Similarly, it is generally conceded 
that the 5 -day BOD test does not predict subsequent oxygen 
depletion in the stream. Both the ultimate oxygen-consuming 
power and the rate at which it is exerted with respect to 
time must be known.
Despite the doubts cast on the validity of the 
values of the rate constant, k, as obtained in the labora­
tory, these have been used frequently in predicting the rate 
of biological stabilization of putrescible matter in streams 
and other polluted waters. Although the BOD test is run 
under conditions similar to those occuring in nature, it 
has been reported (1 ) , (2 ) that the oxidation rate in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
streams is higher than the corresponding rate obtained from 
the laboratory 23025 test. This difference is believed to be 
due to the biophysical characteristics, particularly the 
degree of turbulence, of the flowing streams. The absence 
of turbulence in the standard BOD test may significantly in­
fluence the rate of biochemical oxygen demand.
This study was undertaken to gain a complete under­
standing of the effect of agitation on different parameters 
of biochemical oxygen demand and to suggest a modified BOD 
test where turbulence is taken into account. A' model for 
the mechanism in which the turbulence affects the BOD 
rate constant has been developed and a method for annlication 
of data obtained in the laboratory to the actual field condit­
ions lias been suggested.
Different facets of this study and their inter­
relationship are shown with the following flow diagram .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4Experimental v  
Data on BOD Progression
Effect of Turbulence on BOD Progression
Selection and Modifi­
cation of Methods for 
Evaluating BOD Param­
eters
Analysis of Data for 
k, L&, and tQ, 5-day 
BOD
Application of Laboratory 
Results to field Conditi­
ons.
Effect of Different Rates 
of Turbulence on BOD Para­
meters in a Selected waste­
water.
Effect of Following Factors 
on BOD Progression at a 
Fixed Rate of Turbulence.
hange 
in incub­
ation 
Tempera­
ture
Nature 
of 
waste­
water
Propose 
Model for 
Effect of Turbulence 
on BOD Progression.
Effect o 
Turbulence 
on Bact­
erial 
Growtl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPITER II 
LITERATURE REVIEW
The progressive exertion of the BOD of freshly pol­
luted water normally breaks down into two stages: a first
stage in which the carbonaceous material is largely oxidized 
and a second stage in which significant amount of nitrification 
takes:, place as shown in Figure 1. It has been reported (3) 
that the presence of organic matter, particularly amino 
compounds in excessive concentrations, inhibits the growth 
and respiration of nitrifying organisms* It is believed 
that nitrifying flora will not start their activity and
multiplication unless the level of organic matter reaches
a certain low concentration.
In 1925, Streeter and Phelps (4) proposed that the 
rate of biological oxidation of carbonaceous organic matter,
, is proportional to the remaining concentration of un­
oxidized substances, L, Therefore, the equation for bio­
logical oxygen demand, y , exerted in time t becomes:
y = (La - L) = 1^(1 - e"Kt) - La (l - 10”kt) ...1
where La is the ultimate oxygen demand due to carbonaceous 
matter in mg/l.
K or k is the rate coefficient of BOD removal in day”'1' 
and t is the time in days.
5
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7Although several investigators (5) » (6), (7), (8), have 
recognized and discussed the possibility of compound reactions 
existing in the progression of oxygen utilization in waste­
water, still their BOD data are best formulated by the above 
first order equation.
Numerous studies (5), (6), (9), (10), (11), (12) 
have been conducted on progression of biochemical oxygen 
demand, BOD,.with synthetic substrate and domestic and indus­
trial wastewater samples. All these tests were conducted by 
diluting the wastewater samples, seeding if necessary, and 
incubating at a fixed temperature and for a fixed duration. 
Both J>_ and k in Streeter’s and Bhelp's Equation 1 were found
cl
to be dependent on temperature and the nature of the sample.
Moore (13) had found that k could vary from test to 
test with the same sample, sometimes by a factor of two.
Orfard and Ingram (6) had concluded that not only was the 
monomolecular equation a poor expression for analysis of bio­
logical oxidation but the ”k" and "L " values varied with
c*
time and thus showed a very little physical or biological 
significance as a measure of oxidation speed or strength. 
Revelle, et al. (14) showed that the first order BOD reaction 
did not have theoretical ;justification in terms of molecular- 
ity, nor could it be proved by the method of chemical kinetics, 
fflae work of Gannon (l) clearly showed that the values obtained 
for k and Ia depended greatly on the method of calculation.
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8Zanoni (15) reported that the values of k and La depended 
considerably on the time period chosen for the calculation.
Domestic -wastewaters and polluted streams contain 
a mixed culture of organisms similar to those found in soilst 
Under natural conditions, biological degradation of organic 
matter is brought about by a diverse group of organisms which 
carry the oxidation to completion. Such a group, obtained 
from soils or domestic sewage, contains a large number of 
saprophytic bacteria and other heterotrophic microoganisms 
that utilize the carbonaceous matter present in the samples 
subjected to biological degradation.
Although pathogenic bacteria are often present in 
sewage and sewage polluted water, their proportionate numbers 
are usually so small that they have negligible contribution 
in the decomposition of dead organic matter. The natural 
food and environments for pathogens are the living body of 
host. Therefore, these bacteria do not multiply readily in 
sewage or polluted water.
In addition to heterotrophic bacteria and pathogens, 
domestic sewage and polluted stream water also contain certain 
autotrophic bacteria, particularly nitrifying bacteria, 
Nitrosomonas and Nitrobacter, which oxidize noncarbonaceous 
matter for energy. Nitrosomonas oxidize only ammonia while 
nitrites are oxidized by Nitrobacter. The energy resulting 
from these reactions, is used for the assimilation of carbon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9whose source is carbon dioxide or carbonate, and not the or­
ganic carbon compounds. Nitrification is an important con­
tributory factor in the depletion of oxygen from sewage and 
polluted water, but its activity is usually delayed until a 
suitable environment for nitrifying organisms develops (16)• 
Nitrifying bacteria are usually present in relatively small 
numbers in raw domestic wastewater, and their populations do 
not become sufficiently large to exert an appreciable demand 
for oxygen until about 10 days or more have elapsed in the 
regular 201 test. Once the organisms become established, 
they oxidize nitrogen in the form of ammonia to nitrous 
and nitric acids in amounts that introduce serious errors
in the application of BOD results for carbonaceous oxygen
\
demand (16),
Protozoa and other planktons also are present in 
sewage or surface water, but since their growth rates are 
much less than the growth rate of bacteria, their direct in­
fluence upon the rate of decomposition of organic matter is 
small. However, their influence can be detected indirectly 
through the depredation of bacterial population (16).
Under controlled environmental conditions, the 
growth curves for pure cultures of bacteria generally 
follow a predictable and reproducible pattern. Pirsta 
lag period is exhibited during which the organisms become 
adjusted to the substrate and surrounding physical conditions.
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Then, the microorganisms enter a stage of exponential pro­
gressive multiplication. When the number of bacteria approach­
es the saturation level, the rate of multiplication decreases 
until a period of stationary growth is reached in which the 
number of organisms remain relatively constant. Finally, 
the cultures enter a death phase with a continuous decrease 
in the viable population (17)*
Phelps (5) reviewed the experimental work of 
Butterfield in which bacteria were grown in a series of 
flasks. In the flasks the food concentration was progressive­
ly varied, and it was found that the number of bacteria always 
rose rapidly up to a fixed saturation value, after which the 
bacteria remained stationary or slowly declined. He concluded 
that the saturation value was definitely related to the food 
concentration by a nearly linear relationship.
The experiments of Butterfield et al. (18) revealed 
that during the phase of bacterial logarithmic growth, oxi­
dation proceeded but at a decreasing rate as the population 
approached the saturation valued When the population becomes 
static at exceedingly high numbers, the rate of oxidation 
approached zero I It appeared from their work that the rate 
of growth of bacteria was more pronounced in influencing 
the rate of reactions than the mere number of bacteria them­
selves.
The experimental results of Bhatla and Gaudy (19),
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’ using glucose as a substrate and seeded with sewage, showed 
that the number of bacteria in BOD bottles rose rapidly to 
the saturation value with a linear trend. This saturation 
value was reached normally within 1.5 to 5 days and was follow­
ed directly by rapid decline in the viable bacterial count.
They also noticed that the break in the oxygen uptake correspond­
ed to the region of maximum viable bacteria count, and the 
second ,stage of .oxygen uptake was marked by a rapid increase 
in the protozoan population. Gaudy et al. (20) studied the 
occurrence of plateau in BOD exertion of glucose and observed 
that, under normal seeding conditions and substrate concentra­
tion in BOD bottles, the first phase of oxygen uptake corres­
ponded to a period of rapid bacterial multiplication, the 
plateau occurrence to the maximum range of population density 
and the second stage of oxygen up-take to a decrease in the 
viable population•
Clark and Viessman (21) reported that the behavior 
of actual population in BOD bottles showed successive peaks 
in the viable cell count.’ A continuous change in the environ­
ment may be unfavorable to the population, or more suitable 
to another species which in time will take over and become 
the dominant ones.
Generally, the influence of protozoa and other plank­
tons in sewage or surface water has been studied indirectly 
through the depredation of bacterial population. It has
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■been reported that the rate of decomposition of organic 
matter "by pure cultures of protozoa is very small as compared 
to the corresponding rate by pure bacterial cultures. Never­
theless, the presence of protozoa with bacteria increases the 
decomposition rate markedly through the protozoan influence 
in stimulating bacterial multiplication (22)*
One of the most quoted studies on the role of protozoa 
in the exertion of BOD is that of Butterfield, et al. (18).
They noticed no difference in the shape of the BOD curve using 
either pure or mixed cultures of bacteria, except that the 
latter case required relatively higher amounts, of oxygen for 
the corresponding time periods. Upon the addition of proto­
zoan Colpidium to a pure culture of Aerobacter aerogenes, the 
5-day BOD with the mixed culture was 60% greater than that with 
pure cultures of A. aerogenes in the same medium. The bacter­
ial population in the system to which the protozoa were added 
did not quite reaoh the count attained for the bacterial con­
trol, but it showed a rapid decline in the bacterial popula­
tion after one day. Also, the 5-day oxygen demand of a mixed 
culture of the bacteria and plankton of river water was found 
to be more than twice the demand for A. aerogenes in the same 
medium. Based on these studies, Butterfield et al. advanced 
a theory stating that "The chief function of certain plankton 
in the biochemical oxidation process is to keep the bacterial 
population reduced below a saturation point and thus to pro­
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vide conditions suitable for continuous bacterial multiplica­
tion, this in turn resulting in a more complete oxidation".
It bas been observed (23) tbat the 5-day BOD was de­
creased by nearly 30?S when the protozoa were removed from 
sewage seed by straining.
Busch (8) has postulated that the process of bio­
logical oxidation of soluble substrates involved first con­
version of the material into cell substances with varying 
degree of synthesis and then utilization of stored decompo­
sition products, principally glycogen, and of cell substances.. 
The latter phase involves both oxidative organisms and pre­
dator organisms. Hoover, et al. (7) have postulated a two 
phase reaction compounded of assimilation and endogenous 
respiration. This theory ascribes the oxygen utilization 
during the second phase to the respiration of the bacteria 
produced during the first phase and thus precludes any growth 
of predator'organisms feeding on bacterial population.
Various workers (14) > (24)» (25)» (26) had tried.
. and found that the second order equation did not fit BOD 
data in all cases. Moreover the second order equation did 
not have a sound theoretical background.
Temperature affects the rate of substrate utiliza­
tion in a biological system. The rise in temperature speeds 
up the biological process, i.e., causes an appreciable in­
crease in the rate of biochemical consumption of oxygen. The 
effect of temperature on substrate utilization is assumed
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to be primarily a thermo-chemical phenomenon. This assump­
tion is made on the "basis that oxidation of organic materials 
"by micro-organisms involves a series of enzymatic reactions 
which are temperature dependent.
The effect of temperature on the simple chemical 
reaction was first formulated "by Arrhenius in 1889 in the 
following emperical form (27):
K. = A e-E/B'T 2
where K1 = Reaction velocity 
A . = Constant 
E r Activation energy 
R* - Gas constant 
T = Absolute temperature.
Arrhenius extended his equation to complex biological 
systems through the use of an overall activation energy for 
the organisms (29). However, the experimentally determined 
effect of temperature on the rate of substrate utilization 
in a BOD bottle is frequently reported to be significantly 
different from the value predicted by the Arrhenius Equation 
(28), (29), (30), (31), (32), (33) •
Streeter and Phelps (4) developed the following emp­
irical equation, analogous to the above equation, for the 
effect of temperature on the value of the deoxygenation 
constant, k, of polluted waters,
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where - reaction velocity at temperature T' in °C.
kip - reaction velocity at temperature T in °C*
0 = the thermal coefficient, with a value of
1 * 0 4 7  for temperatures ranging from 10 to 
37°C.
Theriault (34) confirmed this value of © experimentally 
using samples collected from Ohio River. Gotaas (9) 
observed that the above equation was applicable while 
using glucose as a substrate. He also concluded that over 
temperature ranges 5 - 15°C» 15 - 30°C, and 30 — 40°C the 
value of 0 was different. Bewtra and Charan (10), in a 
detailed study on raw sewage samples, observed that the rate 
constant, k, between 12° - 37°C was increasing with.the 
increase in temperature but the rate of increase decreased 
as the temperature increased, They proceeded to conclude 
that separate equations in the form,
kT/k20 r .*. 4
could be applied to describe the change in k-values in 
temperature ranges of 12 to 20°C, 20 - 37°C, and 37 - 40°C.
However, better correlation in data were obtained when the
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results were plotted in the form,
k a a* T13’ ... 5
with a 1 and b' being constants.
Moore (13) conducted BOD experiments on diluted 
domestic sewage with both bicarbonate and phosphate dilution 
waters and on undiluted samples from two streams containing 
moderate pollution of remote origin. The samples were in­
cubated at temperatures ranging from 0.5°C to 20°C. It 
was noticed that, the computed k-values from his results 
made it possible to utilize the Phelps-Streeter Equation 3 
to estimate the value of k at one temperature Imowing its 
value at another temperature. However, the value of 0 
for sewage obtained by Moore were 1^145, for a temperature 
range of 0.5 - 5°C, and 1.065 for a temperature range of 
5 - 20°C. On' the other hand, the value of 0 for the river 
water for a temperature range of 0.5 to 20°C was 1“. 026.
Thus, it is apparent that using a formula to esti­
mate the value of k at one temperature from its value at 
another temperature is not reliable unless the formula 
is derived from experimental data on the waste being studied.
Algae have a significant effect on the biological 
treatment of waste water, and voluminous literature exists 
on this subject (35), (36), (37). However, there is little
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information concerning the methods of determining the BOD 
of polluted water containing algae.
Most forms of algae contain chlorophyll, a green 
pigment as do most other plants, which in the presence of 
light and water reduces carbon dioxide to plant carbohydrates. 
The process of photosynthesis is regarded as occuring in two 
separate stages. The first is the absorption of light by 
chlorophyll and the subsequent separation of the water molo- 
cule into an oxidizing fragment (OH), which ultimately be­
comes oxygen, and a reducing fragment (H). In the second 
stage, the reducing fragment is used to reduce carbon dioxide 
to carbohydrate (38)P
The presence of algae in a sample, incubated without 
light in the normal manner for BOD test, could increase the 
true BOD, required by bacteria to stabilize the decomposable 
organic matter present in a sample, in following two ways:
(!) when algae die, they become organic material susceptible 
to aerobic decay and this results in an increase in the BOD 
of the sample, (ii) due to the respiration of the live algal, 
cells, the dissolved oxygen in the dilution water is utilized 
and this results in an additional apparent BOD. Another var­
iable in the BOD reaction due to the presence of algae may 
be introduced because of photosynthetic activity when incub­
ation is carried out in light. Respiration of live algal 
cells under light causes oxygen production. Simultaneously
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the normal bacterial activity progresses continuously and 
normal BOD is exerted. In nature, the streams are exposed 
alternatively to light and dark. Consequently photosynthetic 
and respiration of live algal cells exhibit continuous gain 
and loss in the dissolved oxygen of water.
Bewtra, et al. (39) had studied the effect of growth 
of different species of algal cells in a culture medium of 
distilled water mixed with a small proportion of sewage on 
the physical, chemical, and biological characteristics of 
the medium. The algae were: collected from Yamuna River, 
a highly polluted river in India. The inoculated medium was 
kept in sunlight until the concentration of algal cells inc­
reased significantly'. The type and number of the algal cells 
were determined and the physical, chemical, and biological 
characteristics of the medium were found. These included 
turbidity, total solids, total volatile solids, suspended 
solids, volatile suspended solids, oxygen absorbed, COD, BOD 
5-days, and potassium permanganate demand. They had concluded 
that high concentrations of algae in water or wastewater would 
significantly contribute to the physical, chemical, and bio­
logical parameters of these waters. Also, their observation 
showed that the value of each parameter increased with an 
increase in the number of counted algal cells, and the diff­
erent parameters were correlated to the number of algal cells.
Yarma, et al. (40) investigated the effect of algae
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in BOD progression of synthetic sewage samples containing 
algae, incubated at 30°C for 12 hours in the dark alternative­
ly with 12 hours in light. They simultaneously studied the 
effects on similar samples incubated all the time in darkness. 
The light intensity during the light cycle of light-and-dark 
incubation method was 50 ft-candles. Their results showed 
significantly lower BOD values obtained by light-and dark 
incubation method than those obtained by the standard method 
in which BOD bottles were incubated all the time in dark. 
Moreover , the oxygen demand of sewage sample and algae in dark 
was higher than that for corresponding samples without algae. 
They attributed the difference to algae which might have died 
during the incubation period resulting in additional organic 
matter in BOD bottles.
Wisniewski (41) has reported that algae had signifi­
cant effects on the laboratory BOD values of samples collected 
from Pox River, one of the major drainage basins in the .United 
States. 7/hen river samples containing algae cells were di­
luted to different concentrations, abnormally high variations 
in the 5-day BOD values were produced. The effect of light 
and dark incubation on BOD progression was studied and com- 
pard with the standard BOD progression. The rate of oxygen 
demand due to the respiration, of live algae "as received" 
in the absence of light was found to be much lower than the 
rate of oxygen demand due to the biological oxidation of
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the cells killed hy autoclaving. However, the ultimate 
BOD of live algae was found to he practically the same as 
for dead algae. They also observed that the live algae 
continuously incubated in light, 300 foot-candles,- pro­
duced oxygen in the closed bottles at a definite rate.
The production rate of this oxygen exceeded the rate of 
oxygen usage in the BOD reaction, resulting in a signifi­
cant net gain in dissolved oxygen.
The effect of turbulence, applied to a bacterial 
system, has been of considerable interest to a number of 
investigators. As a result, the understanding of the effect 
of agitation on microbial system has been improving con­
tinuously. Tsao and Kempe (42) observed that an increase 
in the oxygen uptake by Pseudomonas ovalis occurred as the 
turbulence of the system was increased by increasing the 
rate of mechanical mixing,; Rincke (43), citing the work 
of Imhoff (44) and Von der Emde (45), have stated that the 
rate of oxygen uptake and substrate utilization increases 
in the activated sludge with the increase in the rate of 
mixing. Zahradka (4 6 ) found that a definite relationship 
existed between the mechanical energy supplied to an acti­
vated sludge pilot plant and the purifying ability of the 
sludge. Bennet and Kempe (47), using glucose as a substrate, 
showed experimentally that the rate of gluconic acid produc­
tion by quiescent suspension of P^ Ovalis under aerobic
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conditions, increased when both oxygen tension and energy 
input to the medium were elevated by increasing either the 
air-flow rate or the agitation rate in the fermenter. This 
increase was noticed even when the DO concentration of the 
medium was.above the critical level for the organisms used. 
This illustrates that the increase in the rate of gluconic 
acid production is caused by the increase in the turbulence 
introduced into the system^
Recently, Richard and Gaudy (48) have reported that,
at a very low rates of oxygen supply, the variation in the
rate of oxygen supply to a microbial system caused a change 
in the velocity gradient and the viable count increased lin­
early with the rate of addition of oxygen. They also ob­
served a decrease in the biological solids yield with an 
increase in the amount of mixing energy input and attributed 
it to an increase in the ratio of respiration to synthesis.
The early work of Streeter and Phelps (4) in 1925
indicated that the monomolecular equation with rate constant, 
k, approximating the laboratory value, generally expressed the 
biochemical oxygen demand along Ohio Riveri However, other 
investigators have observed different BOD reduction rates 
ever since then. Gulevich et al. (49) observed that the rate 
data obtained from laboratory experiments, using quiescent 
bottles would not be applicable to the streams or waste treat­
ment processes. Montgomery (50) had pointed out that the
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standard BOD test was slow, and that there was a little re­
lation between laboratory and field conditions.
lordi and Heulcelekian (51) , using sewage filtered 
through glass wool, had shown an increase in rate constant 
with mixing. Swilly, Bryant, and Busch (52) carried out a 
BOD progression study on glutamic acid to compare uptake 
rate in stirred versus quiescent BOD bottles* The stirred 
environments showed a significantly increased reaction rate 
over the quiescent conditions^ Busch, Kehrberger, Borman, 
and Schroeder (53), conducted some preliminary experiments 
in BOD bottles, with their contents continuously mixed by 
using magnetic stirrers, and observed an increased rate of 
substrate utilization. Barnhart and Kehrberger (54) used 
Warburg Apparatus to study BOD progression and found a slight 
increase in rate of bio-oxidation with an increase in shaking 
speed from 60 to 90 rpm. More recently, Gannon (1) deter­
mined the influence of mixing on BOD rate constant for Clinton 
River water. Certain BOD bottles were sealed and contents 
were stirred using magnetic stirrers. It was observed that 
the BOD rate constant under continuous mixing was more than 
ten times the rate constant obtained under quiescent conditions^ 
Most of the previous studies have been conducted either 
on synthetic soluble substrates or on river water, while the 
influence of mixing on raw, settled, and biologically treated 
wastewaters has not been investigated so far.
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CHAPTER III 
MATERIALS AND EXPERIMENTAL TECHNIQUES
In this investigation, raw, primary settled and 
biologically treated wastewater samples were tested to 
determine the influence of mixing on their bio-oxidation 
rates* The choice was based on the fact that these wastes 
are frequently tested in laboratories for BOD determination 
and' that they are the main source of organic matter dis­
charged to the streams. The samples were collected from 
Little River Sewage Treatment Plant in Windsor’. This 
plant receives domestic wastewater and some industrial 
wastes and uses an activated sludge process for biological 
treatment. In addition synthetic medium made of 250 mg/1 
dextrose was tested also.
Unless otherwise specified, all tests were conducted 
using the procedures suggested in the Standard Methods (55)* 
In order to evaluate the influence of mixing on BOD pro­
gression, two sets of BOD bottles were inoculated for each 
experiment. The. first set was kept under the standard 
quiescent condition and. a fixed number of bottles, normally
four, was taken after pre-specified time intervals. The
/  j
readings from these botties were measured, first by an
Oxygen Analyzer* and then the contents were tested by Winkler
* Precision Scientific Catalog No.. 68850*
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Method for dissolved oxygen. The oxygen probe constant, 
thus obtained, was used for translating the readings taken 
on the second set of bottles.
The second set consisted of a blank and three bottles 
for determination of BOD progression. The contents of these 
four bottles were kept under continuous stirring with indi­
vidual magnetic stirrers**, using 1“ x 5/16” teflon covered 
octagonal magnetic bars. The stirrer*s speed could be varied 
between 0 and 1400 rpm. Asbestos pads were placed between 
the magnetic stirrers and the BOD bottles in order to reduce 
the heat transfer between them. All BOD bottles were incu­
bated in a standard BOD air incubator and the temperature of 
the samples was maintained at 20° - 1.0°Cby appropriate 
adjustments on the incubator. Generally, it was found possi­
ble to fit as many as four stirrers in one standard incubator 
and still maintain adequate temperature control.
The DO readings were taken by tightly inserting the 
oxygen probe in the BOD bottle at predetermined time intervals. 
Simultaneously, temperature of the bottle contents was read 
with a thermistor. After having taken the reading, the bottle 
was stoppered again and kept under continuous stirring.
Proper care was taken to prevent loss or gain of oxygen be­
tween bottles contents and environments while measuring DO
** Thermolyne Corporation Catalogue No. SL-7225.
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and temperature* This method was adopted after its valid­
ity had been checked by running two series of identical 
BOD progression tests* Each day one bottle was removed 
from the first series and the residual dissolved oxygen 
was determined by the standard Winkler Method* The other 
series was analyzed with the Oxygen Analyzer as described 
above* Four different experiments were conducted and the 
results of the two series at different time intervals were 
always consistent*
Two alternative systems for continuous' recording 
of dissolved oxygen in the incubated BOD bottles containing 
stirred samples were investigated* In both systems, the 
oxygen probe was permanently fixed to the BOD bottle* In 
the first system, the oxygen analyzer was kept OFF all the 
time, except when the readings were taken; whereas in the 
second system, the oxygen analyzer was kept ON all the time* 
In both cases the DO readings obtained continuously with the 
probe were significantly different from those obtained by 
Winkler*s Method* The outcome of one of these experiments 
is presented in Figures 2 and 3*
One of the' possible explanations for higher rate 
of oxygen depletion from:the BOD bottles, when continuously 
recorded, is the escape of oxygen through the rubber gasket 
surrounding the probe* In order to prevent this loss of 
oxygen two different methods were tried* In one method the
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rubber gasket was covered with a thick layer of wax, as 
shown in Figure 4, and in the other the level of sealing 
water was raised high enough to submerge the gasket, as 
shown in figure 5* Both of these changes did not succeed 
in eliminating these losses,
• Gannon (56) has described an apparatus with a 
specially constructed galvanic cell oxygen electrode simi­
lar to that developed by Mancy et alo (57) but with certain 
modifications. He used it for continuous DO recording from 
a standard 2-liter sealed reaction flasks; however, his probe 
cannot be adopted readily for BOD bottles due to its rela­
tively large size. Consequently, the idea of continuous re­
cording of DO in BOD bottles was dropped.
One of the important considerations in using the 
galvanic cell oxygen analyzer is the stability of the elect­
rode response during the normal incubation period. The ex­
periments of Mancy et al* (57) showed a long-term sensitivity 
over an 80-day period, with good relative stability after the 
first 10 days. In order to evaluate the electrode stability 
in present study, several BOD experiments were conducted for 
14-days incubation period, with daily calibration of the probe. 
The results of one of these experiments are represented in 
Figure 6 by plotting time in days versus the probe sensitivity 
0 at 20°C. It is apparent from the graph that after cleaning 
the probe, its sensitivity varies with time during the first
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
Layer 
of Wax.
Magnitic j.
Stirrer •
m
The Probe. 
Rubber Gasket.
Stirred Bottle.
Unstirred 
Bottles .
* Oxygen 
Analyzer.
FIGURE k - OXYGEN PROBE FIXED TO BOD BOTTLE WITH THE 
RUBBER GASKET COVERED WITH WAX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
Cylinder 
filled 
v/ith
disstilled 
water .
Probe.
Rubber Gasket. 
Stirred Bottle,
Magnitic 
Stirrer •
Unistirred Bottles,
Oxygen Analyzer.'
FIGURE 5 - OXYGEN PROBE FIXED TO A BOD BOTTLE WITH THE
SEALING WATER SUBMERGING THE RUBBER GASKET
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
0  
CM
1
UJ
CD
O
cc
cl
UJ
X
I-
u_
o
Hz
<
h-
COz
o
o
>-
h-
>
H
co 
z
LlJ
CO
1 . 1 0
LOO
.9 0
.80
.70
.60
.50
.40
.30
.20 JL JL
Temperature = 2 0 °C
0  _  Oxygen Analyzer Reading Xj in Ua
DO (W ink ler  Method ) m g / l
i _L i JL 1 i 1
0 I 2 3 4 5 6  7 8  9
T IM E  _ Days
10 II 12 13 14
FIGURE 6 _ STABIL ITY OF THE ELECTRODE RESPONSE 
DURING THE INCUBATION P E R I O D V)e
5-days and then it becomes stable for the rest of the 
period. This indicates that, for better accuracy, the 
sensitivity constant of the probe should be determined 
daily during the period of each experiment*
Another important factor for testing the precision 
of the electrode system is the electrode response to diff­
erent stirring speeds. In order to obtain the minimum speed 
of rotation necessary to give a maximum stable response, the 
following experiment was performed. In a standard BOD bottle, 
electrode response was measured under varying -speeds of stirring, 
for a saturated dissolved oxygen concentration at 20°C. Fig­
ure 7 shows the results of this experiment with a plot of 
speed in revolutions per minute, rpm, versus electrode re­
sponse in microamp. It is seen that a minimum speed of rota­
tion of 210 rpm is necessary to ensure a normal stable elec­
trode response and that above this speed, there is a little 
change in response with the increase in speed. It should be 
emphasized here that it was found difficult to maintain a 
stirrer speed above 1400 rpm. In order to provide a fairly 
accurate basis for comparing the results, all the DO readings 
were taken at a speed of 680 rpm, regardless of the speed at
i
which the BOD progression test was running.
When nitrification was expected to occur simultaneous­
ly with oxidation of carbonaceous matter, particularly during 
the incubation of final effluent, nitrifying bacteria were
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suppressed by maintaining 3M ammonium chloride concentra­
tion in BOD bottles (58). Pasteurization of the sample 
containing the nitrifying flora and subsequent reseeding 
with raw domestic wastewater (59) were tried also* This 
suppression of nitrifying bacteria was done in order to 
determine the biochemical oxygen demand due to carbonaceous 
matter only.
Por those experiments in which bacteriological exam­
inations were made, two series of BOD bottles were inoculated 
with one of the selected substrates. One of these two series 
was kept under continuous stirring condition at 680 rpm while 
'quiescent conditions were maintained in the secondi The two 
series were incubated at 20°0. Bacterial counts and DO meas­
urements were made utilizing a specific number of bottles 
from the second series at periods of 12 or 24 hoursi At corr­
esponding periods, samples were withdrawn for bacterial count 
from all the bottles of the first series and the DO concen­
tration in each of these bottles was measured. A 0.5 ml of 
well-mixed contents of BOD bottle was taken and diluted to 
1/1000^ Por standard plate count test, one ml of the final 
dilution was placed in a petri dish using nutrient agar as the 
growth medium to obtain the Standard Plate Count.
In order to study the effect of temperature and 
turbulence on the rate constant, 5-day BOD, and ultimate 
oxygen demand, nine experiments, divided into three groups,
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were conducted under stirred and unstirred conditions. The 
three experiments of each group were run simultaneously for 
eight days. The stirrer’s speed was kept constant at 680 rpm 
during the period of each experiment. The incubation temp­
eratures for the first group were 5°C,20°C, and 35°C. The 
second group was tested at 10, 20, and 30°C, while the third 
group v/as incubated at 15, 20, and 25°0'„ DO readings were 
taken every 12 hours during the first 6 days of incubation 
following by one reading daily. .
Algae was collected from floating algae mats in the 
Grand Marais Drain, a highly polluted drain in Windsor. A 
' concertrate of these algae was inoculated into a 5 litre 
glass container containing distilled v/ater and small pro­
portion (10^) of final effluent sewage. The sewage sample 
was filterated through filter paper No. 42 and the filtrate 
was sterilized at 121°C and 15 psi for 15 minutes before mix­
ing with the distilled water. Salts of . KHgDO^-, K^HPO^ $
Na^HPO. .7 Ho0, NH.C1, MnSO,. 7 Ho0, CaCl' and FeCl .6 H 0 « 4 2 7 4 7 4 2 2 3 . 2
were added also to substitute for any possible deficiency.
The pH of the culture medium was adjusted initially to 
8.0 at which many bacteria are inhibited without interfering
_
with the development of most algae. Culture was kept at 23 -1.0 C 
in the laboratory. Twelve hours of light and twelve hours 
of darkness alternatively were provided to the culture with 
a fluorescent lamp. The culture medium was maintained under 
continuous agitation by blowing compressed air through the
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medium. Deficiency of CO2  in the medium, 'because of loss due 
to aeration, was made up by the addition of sodium hydrogen 
carbonate, NaHCO^. After about 6 days, algal growth had become 
quite dense. It was allowed to stand under a quiescent con­
dition for about 30 minutes and supernatant was withdrawn.
This supernatnant was used to inoculate the BOD dilution with 
algae.
In order to study the effect of the presence of algal 
cells on BOD progression,two growth media were used. In the 
first media, distilled wafer containing essential salts was 
used, whereas in the second medium, an organic pollutant ( 
primary settled sewage ) was added also. Por each medium, two 
sets of experiments were conducted. The BOD bottles of the 
first set were inoculated with algal cells, while the other 
set was used as a control. Only colloidal algal cells were 
added to BOD bottles to avoid any difference in BOD values 
between stirred and unstirred samples resulting due to sett- 
leable cells. Por each of these two sets, two series of BOD 
bottles were incubated. One of these two series was kept under 
continuous stirring conditions at 680 rpm while quiescent con­
ditions were maintained in the other. DO measurments were 
made for the two series every 12 hours following the procedure 
described earlier. The two sets were run simultaneously for 
14 days at a temperature of 23 - 1.0°C. Pluorescent lamps 
were used to provide 12 hours of light and 12 hours of darkness
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
37
alternatively during the first 7 days of the incubation per­
iod followed by complete darkness for the remaining 7 days.
In order to explain the differences observed in BOD 
and k values between stirred and quiescent conditions, it was 
considered necessary to investigate the effect, on the rate of 
BOD progression,, of absorbing COg from the diluted sample as 
soon as it was produced due to bacterial respiration and meta­
bolism. Por this purpose a specially designed Warburg respir­
ometer, as shown in Pigure 8, was used and the DO was measured 
by Winkler Method^ Two sets of BOD bottles were incubated at 
20°C and were tested for pH and DO at pre-determined intervals.
'Both sets were run under conditions similar to those for the 
standard BOD test but the BOD bottles were filled only up to 
3/4 full. In the second set, a tube filled with 2.5 ml of 
12 N KOH, was hung also inside each bottle to absorb most of 
C02 produced by bacteria. All the bottles were kept well 
stoppered and sealed to prevent any gain or loss of oxygen.
At a predetermined time intervals, a fixed number of BOD 
bottles from each set were withdrawn and the DO was measured 
by carefully refilling the bottles with distilled water of 
known DO.
Similar experiments were carried out after replacing 
the air in the BOD bottles with nitrogen gas. Pirst the BOD 
bottles were filled 3/4 full with BOD dilution water and sample. 
Then the remaining air in the bottle was displaced by passing
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nitrogen gas for a period of one minute at a constant rate
and pressure, This procedure is shown in Figure 9.
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FIGURE 9 - PROCEDURE USED FOR REPLACING AIR WITH NITROGEN GAS
IN BOD BOTTLE
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CHAPTER IV 
THEORETICAL APPROACH TO THE METHODS 
OF EVALUATION OF BOD PROGRESSION 
CONSTANTS
The form of BOD progression equation, 
y = L (1 - 10“kt) ...1
a
as originally developed by Streeter and Phelps (2) makes 
it impossible to determine k and L,, values from the experi—
  / fit
mental results, unless approached by methods of statistical 
analysis.
Since 1927, several mathematical and graphical pro­
cedures have been proposed for the evaluation of BOD velocity 
constant, k, and the ultimate oxygen deman, L& , These in­
clude Reed and Theriault Methods (60, 3k), the "Log-Difference 
Method" of Fair (61), the "Slope Method" of Thomas (62), the 
"Moments Method" of Moore, et al« (63), Wiegand*s Method (6k) , 
the "Graphical Method" of Lee (65) , the "Daily Difference 
Method" of Tsivoglou (66), the "Rapid Ratio Method" of Sheehy
(67), the method developed by Navone (68), Figimotofs method
!
(69) , the "Simplified Graphical Method" of Bagchi and Chaudhary
(70) and more recently the "Sletten*s Method" (71, 72).
While all the above method are based on the assumption 
that BOD progression is a first order reaction, each procedure
kO
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depends on a different statistical approach which has its 
own advantages and disadvantages. The best approach in the 
writer*s opinion, was to select the one or more of reasonable 
methods amongst the proposed ones and try to get rid of their 
disadvantages. Consequently, the Slope Method by Thomas,
The Moments Method by Moore et al., and The Graphical Method 
by Bagchi and Chaudhary were chosen to be used after eliminat­
ing their disadvantages. The basis for this choice, beside 
the writer's own conviction, were the recommendations of 
Ludzack et al. (73) and Schroepfer et al. (74) •
The Slope- Method does not allow for the possibility
of the existence of lag period or an initial oxygen demand
✓
which, if present, would give misleading k and L values.
a
Therefore, this method has been modified to take into consider­
ation the influence of the lag period and initial demand. It 
is based on a least squares treatment of the differential 
equation,
= k *(L - y) ...6
which on integration yields Equation 1. 
where y = BOD exerted in time t,
La= Ultimate BOD of first stage,
K'= Reaction velocity constant,
= Increase in BOD per unit time at time t.
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Equation 6 represents the following linear relation­
ship between dy/dt and y: i
y» = a + b y «.«7
The treatment by the least square procedure requires that
II
the sum of the squares of n residuals should be minimum, i.e.,
2 2 zR as E ( a + b y - y ' )  = a minimum
Accordingly,
3 SR2 _ o 
3 a
and
-_aj-S2_ = o
3 b
which gives K' = -b, L = a/b
cl
The value of dy/dt for given BOD data is deduced from the 
following relationship:
(yi“yi-i + (yi+i-yi )(r~TT)(dy/dt), = i ti ~ *1-1 1 1  1 *1+1 *i
1 <*1+1 - *i-1>"
• • •8
For i=1, the value of which equal the lag period, tQ , is 
unknown. This makes the' determination of (dy/dt), correspond­
ing to the first BOD value, rather difficult. To overcome 
this difficulty, Thomas assumed that, t = 0.0 which definitely
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will give incorrect evaluation of k and L values, if theol
BOD data did exhibit a sizeable lag period.
The proposed modification to the procedure is illus­
trated in the following steps:
*4*
(i) A value for nt 11 is assigned in the range of - 1.0 day 
which is the practical range for the lag period 
(ii) Now the initial conditions are that at t * t , y * 0.0. 
Accordingly the integration of Equation 6 yields:
y = La[l - 10~k(t"to)] ...9
(iii) With the assumed value of H, the slope method is
applied to calculate k and L .
(iv) With the known values of t . k, and L , calculate theo ' 7 a
BOD values corresponding to different time intevals, using 
Equation 9«
(v) Then the sum of squares of the difference between the 
calculated values and those obtained experimentally is 
determined.
(vi) The procedure is repeated several times with different t 
values covering the range mentioned in step (i).
(vii) The value of tQ, which gives the minimum sum of the 
squares of n residuals is adopted*
Table I shows some typical nt0” values obtained for 
primary settled sewage. These values were found to be in 
good agreement with those obtained by the Moments Method at
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Table I - Lag Period t.Q in Days Obtained From The 
Standard BOD Progression of Primary Setteled Sewage
Sample
No.
Slope Method Moments Method Graphical Method
*0
2z r; 2R f *o
1 -0 .85 41.85 -1 .057 34.70 - 1.068
2 -0 .20 20.90 -0.608 16.30 - 0.609
3 +0.30 34.68 +0.340 34.14 +0.326
4 +0.25 75.50 -0.060 72.62 -0.100
5 -1 .50 28.33 -1.653 57.04 -1 .674
6 -1 .00 64.05 - 0.850 19.22 -0.857
7 -2 .00 26.48 - 2.126 27.37 -2.176
8 -0 .60 36.64 -0 .7 9 7 . 30.70 -0.815
9 -0 .05 39.30 -0.265 12.70 - 0.321
10 -1 .00 14.47 -1.390 20.70 - 0.820
11 -0 .35 5.48 —0.400 6.65 -0.399
12 -2 .00 3.65 - 2.209 4.45 - 2.218
2
E R# = Sum of Squares of the Residuals .
j
J
!
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a level of less than 5% probability of error in decision* 
Similar results were obtained for the other type of samples 
also*
The procedure was programmed for the IBM 360 high 
speed computer* The flow chart and the programme are shown 
in appendix A*'
The requirement of the Moments Method is that BOD 
determination should be made on a rigid time schedule. This 
procedure is modified by adopting a trial and error analysis 
so that it can be applied readily to data gathered at regular 
as well as irregular time intervals. Moreover, the procedure 
takes into consideration the existence of the lag period. The 
modification of this method is explained below:
= L [1 - l O ^ ^ o h  • ...10y "a
or y = L Cl - C 10“kt] ...11Cl
From the experimental results, the values can be calculated
p
for Ey, E t , Et , the moment of y around the time-axis,
2
E yt^ and the moment of the moments Et y.
The modified procedure is based on the solution of 
the following generalized equalities:
( f (tj/y^/ f t± ) - e y±/n
1=1 1 1  1=1 1 . j=1 1
( ; <t? y±)/ e t|)- £ y./n
1=1 1 1 i=1 1 i=1 1
f
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where n is the number of observations*
Equation 12 is considered to be the key to the pro­
cedure. The L.H.S. value can be calculated from the observed 
BOD data. The R.H.S. value can be computed by assuming differ­
ent k values until the calculated RoH.S. value is equal to the 
pre-determined L.H.S. The final value for k can be utilized
to get CL from equation 13. Finally L„ can be calculated a s.
from Equality lZf and 11 from Equation 15. The flow chart 
and detailed programme of a computer programme to the procedure 
is presented in Appendix B.
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Bagchi and Chaudhary have included the effect of 
the lag period in their procedure. By means of a mathe­
matical operation, they eliminated the lag period, tQ , 
from the monomolecular equation, but still allowed for its 
existence. For the purpose of this study, a simple modi­
fication in the method is proposed to find tQ, Table I 
also shows the calculated t values hy this method and their 
comparison to values obtained by the Moments Method,
The BOD values at times t, and (t+h) are respectively 
given by:
-k(t-t )
yt s L j l  - 10 0 ] ...16
-k(t+h-t )
yt+h = La[1 “ 10 J ••“17
Subtracting equation 16 from 17 yields,
/
-k(t-t ) -kh
yt+h ~ yt = La 10 Ci - 1° ]
yt+h " yt yt r,or ---— ----—  + = 1 ...18
L (1 - 10"1*) aa
If yt is plotted against (yt+k - y ^ *  ^  yield a
straight-line relationship comparable to the form
z . Y t•s * i ■1
(
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where a * 0 0a ►19
and b a L (1 — lCT1*)
or k = ~ log aa + b • ...20
For BOD data gathered at time intervals h, it is 
necessary to calculate and with yt values, can be
used to determine the line of best fit through the calculated 
values instead of simply drawing a line "by eye" as suggested 
by Bagchi and Chaudhary. Accordingly,
b =
(
i=1 A i=1 
1=1
i=i 1 £=i "i'
y-j - ..21
and -to = I
n-1 
n-1) i=1 zi -
n-1
y-
L i  3. .j.,. *»*■ —
n-i
n-1
f . i
(n-1) Li yij • ( i=i yiy ,22
k, L& can then be obtained from Equations 19, 20,
21, and 22,
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Also, tQ, can be obtained from the following 
relationship:
* 0  ' [ L  (ti + I log (1 - ) )]/n ...23
S .
where t = Lag period in days.
■ . i
y^ = The observed BOD values in ,mg/l.
t^ = Corresponding time in days,
and n = Number of observations.
The flow chart and the computer programme for this 
procedure are illustrated as Appendix C*
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CHAPTER V 
OBSERVATIONS
A. Effect of Stirring on the Progression of Biochemical 
Oxygen Demand of Different Substrates in BOD Bottle.
I. Influence of Varying Stirring Speed on BOD Prog­
ression with a Selected Wastewater.
II. Effect of Stirring at a Constant Speed on BOD 
Progression with Different Substrate.
B. Response to Turbulence of Heterotrophic Microorganisms 
in BOD Bottle »
0. Effect of COg Produced by Microbial Respiration on BOD 
Progression.
D. Temperature Effect on. BOD Progression.
E. Studies on Eutrophication in BOD Bottle.
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A. BOD PROGRESSION OP DIFFERENT 
SUBSTRATES
I. Effect of Varying the Stirring Speed on BOD Progression .
Three sets of experiments were conducted on primary 
settled sewage samples to study the effect of stirring speed 
on BOD progression. BOD values were taken daily for 11-days 
in separate "bottles in which stirrers were rotated continuous­
ly at o, 120, 210, 680, 1180 and 1320 rpm. The results are 
presented in Tables II, III, and IV. The values for stirred 
bottles are an average of two readings from two separate BOD 
bottles, whereas for standard tests the reported values are 
the weighted average of four readings. Typical BOD progress­
ions, at different stirring speeds, over an 11-day incubation 
period, are plotted in Figure 10.
Tables II, III, and IV and Figure 10 clearly indicate 
that the BOD values for any incubation period and at any stir­
ring speed are higher than the BOD values obtained for the 
same incubation period under quiescent conditions. However,
BOD values are observed to increase initially with the in­
crease in speed, and then start to decrease as the stirring 
speed becomes very high.
Figure 11 shows that the maximum increase in the 
5-day BOD values was generally obtained when the sample was 
stirred at 680 rpm. An average increase of 17$ in the 5-day
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Table II - Effect of Stirring Speed on BOD Progression
in Primary Settled Sewage - Run 1
BOD mg/1
\  Stirrer's 
n. speed 
n. rpm 
Incuoa,- 
tion per­
iod , n. 
days n.
0 120 210 680 1180 1320
1 24 24 26 28 29 29.5
2 33 35 36 42 39 38
5 37 40 42 47 48 42
4 41.5 44.5 51.5 53 53.5 46
5 45 49 56 57.5 59 52
6 47 53 62 63 64 56
7 50.5 55.5 66 66.5 66.5 59.5
8 57 58 70 71 70 63
9 57.5 60.5 72 .73 70 65
10 57.5 64.5 74 75 72 65
11 60 64.5 74 75 73 65
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Table III - Effect of Stirring Speed on BOD Progression
in Primary Settle Sewage — Run 2
BOD mg/1 .
v stirrer'£ 
speed 
\. rpm
IncuX,^
bationN.
peri& s \
0 120 210 680 1180 1320
1 29 39 38.5 40 30 30.5
2 44.5 58 57 61 52 47
3 48 .5 64 .-5 70 • 6-6 6-3 57.5
4 62 72 76.5 77.5 7° 67
5 63 81 - 83.5 83 80 76
6 68 - 86 • 92 89.5 85 81 •
7 75 87 • 93 • 91.5 87.5 83
8 77 93 98.5 93.5 90.5 85 •
9 82 112 109 94 103 101.5
10 92.5- 112 l 111.5 105.5 104.5
106
11 98 •
ii
124 ’ 124 119 119 120
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Table IV - Effect of Stirring Speed on BOD Progression
in Primary Settled Sewage - Run 3
BOD mg/1
X. Stirrer1 £ 
\  speed 
IncuX. rpm
bationX. 
period X^  ^
davs X
0 120 210 680 1180 1320
1 k7 56 58 61 57.5 64
2 70.5 74.5 78.5 80 76 79
3 77.5 82.5 87.5 88.5 81.5 84
k 84.5 87 93.5 93 .85 87
5 89 90.5 96.5 95 85.5 92
6 93.5 • 93.5 102 102 93 100.5
7 93 96.5 107.5 105 94 100.5
8 96 102 113 112.5 100.5 .106.5
9 101.5 106 116 118 104.5 110
10 105.5 111.5 122.5 128 108 113
11 108.5 112 126 133 110 111
12 116 117.5 133 133 118 122
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BOD values was observed when the BOD hottle’-s contents were 
stirred at different speeds. The maximum average increase 
in three runs was 24$.
It is emphasised here that it was difficult to main­
tain a stirring speed more than 1320 rpm. Moreover, the 
formation of vortices inside the BOD bottles at those high 
speeds cast some doubts on the accurancy of the BOD values 
obtained at or above 1320 rpm. Thus, it was prefered not to 
draw any conclusion based on these values.
Bor each of the above three sets of rims, the k, I J
cl
and t values were calculated by the three different methods o
described earlier and are reported in Taables V, VI, and VII.
II. Effect of Stirring at a Constant Speed on BOD Progression 
with different Substrates :
Raw Sewage :
Eight sets of experiments were conducted on raw sew­
age samples collected after grit removal. BOD values obtained 
during the incubation periods of each experiment are presented 
in Appendix D. A typical BOD progression of raw sewage sample 
is plotted in Figure 12. For each set, the k, L , and 5-day 
BOD values were obtained under both stirred and quiescent con­
ditions, and are shown in Table VIII.
Primary Settled Effluent:
The results obtained with primary settled sewage are
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Table V - Effect of Stirring Speed on 
k-values of Primary Settled Sewage
1
Run
No«
Time
Sequence
days
Stirrer's
Speed
rpm
k-values, days*"1 •
Moments
Method
Slope
Method
Graphical
Method
Averages
1 0 0.065 0.091 0 . 0 8 5 0 0.0803
1 2 0 0.075 0 . 0 9 6 0 . 0 9 7 2 0.0894
1 1 2 1 0 0 . 0 9 0  i 0 . 0 8 0 0 . 0 8 4 2 0.0848
680 0 . 0 9 0  : 0 . 1 0 8 0.1087 0.1023
1 1 8 0 '0.115 0 . 1 0 8 0.1061 0.1097
1 3 2 0 0.085 0.094 0.0864 0.0885
2 0 0.095 0 . 1 1 3 0 0.1297 0.1125
1 2 0 0.115 0.1549 0.1403 0.1367
2 1 0 ■0.135 0 . 1 4 7 0 0 . 1 3 8 0 0 . 1 4 0 0
8 6 8 0 0.14Q 0.1684 0.1705 0.1597
1 1 8 0 0 . 1 5 0 0.1636 0 . 1 6 4 2 0.1593
1 3 2 0 0 . 1 4 0 0.1350 0.1313 0.1354
3 0 0.260 0.3427 0.3190 0.3072
1 2 0 0.275 0 . 3 6 0 6 0.2995 0 . 3 1 2 0
5 2 1 0 0 . 2 8 0 0.3440 0.2931 0 . 3 0 6 0
6 8 0 0.325 0.3976 0.3274 0 . 3 5 0 0
1 1 8 0 0.430 0.5013 0.4513 0.4607
1 3 2 0 0.225 0.4246
j
0.2996 0.3164
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Table VI - Effect of Stirring Speed on
La values of Primary Settled Sewage
Run
No.
Time
Sequence
days
Stirrer's
Speed
rpm
L-values , mg/1
11
Moments
Method
Slope
Method
Graphical
Method
Averages
1 0 70 64 65 67
120 73 69 68 70
11 210 82 85 82 83 !
680 82 79 79 80
1180 86 77 77 77
1320 72 71 71 71
2 0 90 86 82 86
120 101 95 97 97
8 210 105 103 105 101
680 100 97 96 • 98
. 1180 96 94 94 . 95
1320 92 93 93 93
3 0 92 89 90.0 91
120 93 91 92.0 92
5 210 99 98 99.0 98.
680 97 96 96.0 96
1180 86 86 85.0 86
1320 95 89 92.0 92
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Table VII -• Effect of Stirring Speed on
Lag Period, t0 , of Primary Settled Sewage
Run Time
Sequence
days
Stirrer*s 
Speed 
rpm
Lag Period, tQ , days
Moments
Method
Slope
Method
Graphical
Method
Averages
1 0 .0 -1 .9  446 -1.000 -1 .3307 -1.4251
120 -1.5038 -0 .900 -0.9447 -1.1162
11 210 -0.7255 -0 .950 -1.0929 -0.9228 i
680 -1.0932 -0 .750 -0.8853 -0.9095 !i
1180 -0.7291 -0 .850 -0.9546 -0.8446 |
1320 -1.6045 -1.000 -1.9107 -1.5051
2 0 .0 -0.8838 -0 .5 5 -0.4725 -0.6354
120 -0.9419 -0 .5 0 -0.5359 -0.6589
8 210 -0.4913 -0 .4 0 -0.4096 -0.4336
680 -06514 -0 .4 0 -0.4663 -0.5059 I
1180 -0.1293 -0 .0 5 -0.0226 -0.0673 ■
1320 -0.2049 -0 .2 5 -0.3688 -0.2746 .
3 0 .0 -0.2400 -0 .0 5 -0.1220 - 0.1372 !
120 -0.4818 -0 .3 0 -0.3661 -0.3826 :
5 210 -0.3705 -0 .2 5 -0.3154 -0.3119
680 -0.3359 -0 .2 5 -0.3284 -0.3048
1180 -0.1314 -0 .1 5 —0.1669 -0.1498 ■
1320
r
-1.2578 -0 .5 5 -0.8930 -0.9003 .
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Table VIII- k,Lg ,and 5-Day BOD Values Using Baw Sewage
Sample Stirrer's k - day" 1 La - mg/ 1 5-Day 
BOD
mg/ 1
No. Speed
rpm
Moments
Method
Slope
Method
Graphical
Method
Moments
Method
Slope
Method
Graphical
1 0 0.07 0.07 0 .0 7 93 96 94 58
680 0.09 0 .0 8 0.09 116 122 114 71
Stirred/Unstirre< 1.29 1.14 1.29 1.28 1.27 1.21 1.22
2 0 0.09 0.11 0.11 106 103 103 74
680 0.17 0 .1 4 0 .1 4 103 105 105 88
Stirred/ffnstirrec 1.89 1.27 1.27 0 .9 8 1.02 1.02 -1.19
3 0 0 .0 8 0.09 0 .1 0 87 84 83 56
680 0 .1 2 0.13 0.16 90 89 85 66
Stirr ed/Dnstirr e c 1.50 1.44 1 .60 1.03 1.06 1.02 1.18
4 0 0.09 0 .0 8 0.09 84 88 85 59
680 0.07 0.11 0.06 95 85 98 62
Stirred/Unstirrec 0.78 1.37 0 .6 7 1.13 0.97 1.15 1.05
5 0 0.07 0.09 0.07 146 125 149 93
680 0 .0 8 0 .11 0 .1 0 146 132 133 101
Stirred/Unetirred 1.14 1.22 1.43 1.00 1.06 0.89 1.09'
6 0 0.06 0.07 0.07 118 113 110 59
680 o.o8 0.08 0.07 123 125 123 76
Stirred/Unstirred 1.33 1.14 1 .00 1 .04 1.12 1.12 1.29
7 0 0.07 0.09 0.09 155 148 145 96
680 0.09 0.09 0.09 163 163 161 110
Stirred/Unstirred 1.28 1.00 1 .00 1 .04 1 .12 1.11 1.14
8 0 0.05 0 .o8 0.07 133 112 118 75
680 0 .1 0 0.09 0.07 129 133 135 97
Stirred/Dnetirred 2 .0 0 1.13 1 .28 0.97 1.19 1.14 1.29
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shown in Appendix D. Epical BOD progression curves, with 
and without stirring, are plotted in Figure 13. Tables IX and 
X show the k, IQ and 5-day BOD values obtained with primary 
settled sewage samples.
Final Effluent :
BOD progression tests on final effluent from acti­
vated,sludge treatment plant were conducted after maintain­
ing 3M ammonium chloride concentration in BOD bottles to 
suppress nitrification. BOD values, obtained from nine sets 
of experiments, during the incubation period of each set are 
presented in Appendix D. Table XI shows k, I»a and 5-day BOD 
values obtained under stirring and quiescent conditions, 
nypical BOD progressions under stirred and quiescent condi­
tions- of one final effluent sample,'with and without .addition 
of ammonium chloride, are plotted in Figures 14 and 15 respec­
tively.
Synthetic Medium :
Wine sets of BOD progression experiments were carried 
out on synthetic media, containing 250 mg/l of dextrose, and 
the results are presented in Appendix D. Typical BOD progress­
ion curves, with and without stirring, are plotted in Figure 16. 
Each BOD value, is based on two blanks and three replicate 
samples of diluted synthetic media. All the BOD dilution 
water, utilized in these experiments, was seeded with a con­
centration of 3 ml/l of supernatant of primary settled sewage
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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effluent which was allowed again to settle in the laboratory 
for a period of one hour.
In the first six experiments with synthetic media, a 
concentration of 3M of ammonium chloride was maintained in the 
BOD bottles to suppress nitrification during the incubation 
period. In the rest of the experiments ammonium chloride was 
not added, fable XII shows k, la , and 5-day BOD values ob­
tained with synthetic media, under stirring and quiescent 
conditions.
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Table IX - k, L , and 5-Day BOD Values Using Primary Settled Sewage
Sample
No.
Stirrer's
Speed
rpm
k - days ^ La
- mg/1 5-day BOD 
mg/1Moments
Method
Slope
Method
Graphical
Method
Moments
Method
Slope
Method
Graphical
Method
1 0 0.04 0.08 0.05 94 70 82 36
680 0.08 • 0.12 0.08 77 66 79 50
Stirred/Unstirred 2.00 1.50 1.60 0.80 0.94 0.86 1.37
2 0 0.08 0.14 0.11 71 58 64 47
680 0.16 0.19 0.19 66 63 64 54
Stirred/Unstirred 2.00 1.36 1.72 0.92 1.09 1.00 1.15
3 0 0.04 0.02 0.02 122 215 173 47
680 0.06 0.07 0.06 110 102 109 59
Rtirred/Unstirred 1.50 3.50 3.00 0.90 0.47 0.63 1.26
4 0 0.07 0.06 0.05 62 64 67 36
l 680 0.08 0.10 0.07 60 57 61 39
Stirred/UnStirred 1.14 1.67 1.40 0.97 0.89 0.91 1.08
5 0 0.06 0.11 0.05 108 91 107 63
680 ■ 0.13 0.17 0.13 95 91 94 76
Stirred/Unstirred 2.16 1.54 2.60 0.88 1.00 0.88 1.21
6 0 0.08 0.11 0.07 82 76 86 55
680 0.09 0.11 0.07 88 84 99 65
Stirred/Unstirred 1.12 1.00 1.00 1.07 1.10 1.15 1.18
cr>
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Table X  - k, L , and 5-Day BOD Values Using Primary Settled Sewage 
_____________  a __________________________ _______________________
Sample
Stirrer’s
Speed
k - days ^
L a - mg/1 5-day BOD
No. rpm Moments
Method
Slope
Method
Graphical
Method
Moment
Method
Slope
Method
Graphical
Method
mg/1
7 0 0.07 0.16 0.08 67 57 64 45
680 0.11 0.14 0.10 76 73 77 57
Stirred/Unstirred 1.57 0.88 1.13 1.13 1.28 1.20 1.27
8 0 0.10 0.15 0.13 88 80 82 63
680 0.14 0.19 0.17 90 86 86 73
Stirred/Unstirred 1.40 1.20 1.31 1.02 1.081 1.05 1.16
9 0 0.27 0.40 0.34 90 86 88 88
680 0.32 0.50 0.32 97 94 97 95
Stirred/Unstirred 1.18 1.25 0.94 1.08 1.09 1.10 1.08
10 0 0.09 0.14 0.09 113 99 115 80
680 0.12 0.17 0.12 109 110 119 98
Stirred/Unstirred 1.33 1.22 1.33 0.98 1.11 1.04 1.23
11 0 0.15 0.20 0.14 114 107 116 96
680 0.20 0.38 0.22 109 103 107 103
S t ir r ed / Uiis tir r ed 1.33 1.90 1.57 • 0.96 0.96 0.94 1.08
12 0 0.04 0.09 0.03 67 52 76 32
680 0.08 0.10 0.08 65 . 62 65 42
Stirred/Unstirred 2.00 1.11 2.67 0.97 1.20 0.86 1.31
O'!
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Table Xl-k, Lft , and 5-Day BOD Values Using Final Effluent
Sample Stirrer's k - days'■ 1 La - mg/ 1 5-days
No. Speed Moments Slope Graphical Moments Slope Graphical BOD
rpm Method Method Method Method Method Method mg/ 1
1 0 0.05 0.09 0.05 4.3 3.6 4.1 2 .2
680 0.15 0.19 0 .1 0 4.1 4.0 4.3 3.7
Stirred/Unstirred 3.00 2.11 2 .0 0 0.95 1.11 1.05 1.68
2 0 0 .0 4 0.04 0.03 4.62 ■M5 5.68 2 .4 0
680 0 .0 4 0.07 0.05 7.55 6.33 6 .8 6 3.50
Stirred/Unstirre d 1 .00 1.75 1.66 1.64 1.23 1.21 1.46
3 0 0.17 0.36 0.23 1.70 1.60 1.70 1.50
680 0.15 0.21 0.18 2.40 2.30 2.30 2 .0 0
Stirred/Unstirred 0 .8 8 0.58 0.78 1.38 1.44 1.35 1.33
4 0 0.11 0 .0 7 0.08 1.30 1.60 1.50 0 .9 0
680 0 .1 8 0.13 0.19 1.90 2.00 1.90 1.50
Stirred/Unstirred 1.64 1.96 2.37 1.46 1.25 1.27 1.67
5 0 0.06 0 .0 7 0.05 4.1 0 4 .0 0 4.60 2.30
680 0.07 0.09 0.08 4.60 4.30 4.40 2.60
Stirred/Unstirred 1.17 1.28 1.60 1.12 1.07 0.95 1.13
6 0 0.04 0 .1 2 0.09 4.80 3.30 3.50 2 .1 0
680 0.13 0 .1 6 0.17 3.90 3.60 3.60 2.90
Stirred/Unstirred 3.25 1.33 1.99 0.81 1.09 1.03 1.38
7 0 0.07 0.11 0.06 10.50 9.10 11.30 6.60
680 0.09 0 .1 2 0.07 11.30 10.60 11.70 8 .2 0
Stirred/Unstirred 1.28 1.09 1.16 1.08 1.19 1.02 1.24
8 0 0.04 0.06 0.07 14.00 10.40 9.30 5.50
680 0.09 0.09 0 .1 2 10.90 10.70 9.40 7 .2 0
Stirred/Unstirred 2.25 1.50 1.71 0.79 1.03 1.01 1.31
9 0 0.04 0.03 0.03 12.60 15.10 13.60 4.30
680 0.06 0.05 0.05 14.20 15.40 15.10 7.30
Stirred/Unstirred 1.50 1.66 1.66 1.14 1.02 1.11 1.70
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EXPERIMENT No. I 
SAMPLE _ FINAL EFFLUENT  
STIRRER'S SPEED 6 8 0  
TEMP -  2 0  ±  I °C
NO AMMONIUM CHLORIDE ADDED
2 3 4 5 6 7 8
INCUBATION TIME -D a y s
RE 15 - BOD PROGRESSION OF FINAL 
.UENT WITHOUT NITRIFICATION SUPRESSION
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Un stirred
EXPERIMENT NO, 6 
SAMPLE -  D E X T R O S E  2 5 0  m g / L  
T EM P.  -  2 0  ± 1 . 0 °  C 
AMMONIUM CHLORIDE A D D E D - 3  M
I 2  3  4  5  6  7  8
T I  M E -  Da ys 
FIG U RE 16- E F F E C T  OF S T IR R IN G  ON B O D  
P R O G R E S S IO N  USING S Y N T H E T IC  MEDIA
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Table XII-k»La , and 5-Day BOD Values Using Synthetic Media
Sample
No.
Stirrer * s
Speed
Method
rpm.
k - day-1 - mg/1 5-day 
BOD
mg/1
Moments
Method
Slope
Method
Graphical
Method
Moments
Method
Slope
Method
Graphical
Method
1 0 0.33 0 .1 7 0.27 146 163 149 137
680 0 .4 8 0.36 0.89 159 165 155 156
Stirred/unstirred 1.45 2 .1 2 3.30 1.09 1.01 1.04 1.14
2 0 1.00 0.25 1.01 219 270 219 219
680 0.85 0.33 1.11 229 266 225 232
Stirred/Unstirred 0.85 1.32 1.10 1 .05 0.98 1.03 1.06
3 0 0.46 O .1 4 0.27 98 127 105 98
680 0.65 0.38 0.51 104 97 106 104
Stirre d/Unstirre d 1.41 2.7 2 1.89 1.06 0.76 1.01 1.06
4 0 0.30 0.07 0.25 125 192 123 112
680 0.47 0 .1 8 0.45 119 139 118 117
Stirre d/Unstirre d 1.57 2.57 1 .80 0.98 0.72 0.96 1 .0 4
5 0 0.21 0 .2 0 0.47 145 148 134 128
680 0.17 0.33 0 .8 5 151 146 133 130
Stirred/Unstirred 0.81 1.65 1.81 I.0 4 0.99 1 .0 0 1 .02
6 0 0.13 0.08 0 .2 2 159 171 128 113
680 0 .3 0 0 .1 6 0.75 133 160 123 125
Stirre d/Unstirre d 2.30 2 .0 0 3.41 O.8 4 0.94 0.96 1.11
7 0 0 .3 2 0 .1 6 0 .2 2 119 158 125 112
680 0.49 0.27 0.44 138 140 130 128
Stirred/Unstirred 1.53 1.69 2 .0 0 1.16 0.885 1.04 1.14
8 0 0.27 0.13 0 .2 0 119 147 125 112
680 0 .3 8 0 .1 9 0.26 129 145 135 127
Stirred/Unstirred 1.40 1.46 1.30 1.10 0.99 1.08 1.14
9 0 0.32 0 .1 6 0.30 12? .151 129 124
680 0.58 0.38 O.89 134 139 131 133
Stirre d/Un stirre d 1.82 2.38 2.96 1.05 0.92 1 .0 2 1.08
250 mg/1 Dextrose was used as substrate in all experiments except experiment 2 
where 300 mg/1 Dextrose was used.
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B. RESPONSE TO TURBULENCE OP 
HETEROTROPHIC MICROORGANISMS IN BOB BOTTLE .
Por this phase of study, 12 experiments were conduc­
ted; 2 on raw sewage, 3 on primary settled sewage, 3 on final 
effluent and 4 on synthetic medium". The periodic determina­
tion of viable cell count made it possible to describe the
complete growth cycle of bacteria in each substrate. Prom
<■
these data, the maximum bacterial cell concentrations in each 
case, i.e., under continuous stirring and quiescent conditions, 
were obtained.
The results of determination of viable cell count in 
BOB bottles with raw sewage sa-mples, under the two conditions, 
are listed in Table XIII. The corresponding BOB values of the 
waste are shown also. All the tabulated values represent the 
arithmetic average of three readings. A typical plot of growth 
cycle under both conditions is shown in Pigure 17 hy plotting 
average values of the viable cell count versus the incubation 
time of BOB bottles.
. The experimental results obtained with primary sewage 
samples are presented in Table XIV, and a typical bacterial 
growth curve is shown in Pigure 18.
In order to eliminate the influence of nitrifying 
flora, experiments on final effluent were conducted after pas­
teurizing the samples. The results of these experiments are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
presented in Table XV. BOD dilution water was seeded with the 
supernatant of raw sewage as explained previously. Figure 19 
shows a typical "bacterial growth curve in final effluent.
Tests on the synthetic medium were conducted with a 
BOD dilution water containing 3 ml/l supernatant of settled 
raw sewage samples. The results of the tests are shown in 
Table XVI. A typical bacterial growth curve with dextrose 
sample is presented in Figure 20.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table XIII Effect of Stirring on Bacteria Growth 
and BOD Using Raw Sewage
Time Viable Bacteria Count-10'Vml BOD mg/1
Days Sample 1 Sample 2 Sample 3 Sample 4
Stirred Unstirred Stirred Unstirred Stirred Unstirred Stirred Unstir
0 4 4 4 4 - - - -
0.5 15 10 13 8.5 24 21 26 25
1.0 32 24 18 11 45 35 43 39
1.5 44 40 34 28 59 53 50 44
2.0 62 42 40 33 59 61 59 54
2.5 58 40 32 24.5 71 65 64 55
3.0 57 43 27 20 84 70 72 60
3.5 43 29 24 20 85 77 75 61
4.0 39 28 24 21 100 85 86 67
4.5 35 27 19 18 103 90 93 70
5.0 28 24 18 17.5 110 96 97 75
5.5 26 22 am - 117 102 me -
6.0 26 16 16 15 122 103 101 77
6.5 « . - - 127 116 -
7.0 _ w 15 15 131 116 105 89
8.0 w - mm 132 121 HI 91
9.0 me _ - 139 124 117 97
10.0 me am - 145 132 123 102
11.0 me _ - - 150 134 133 106
12.0 am • me - 150 135 155 109
14.0 me - me “ 156 149
"
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EXPERIMENT NO. 2 
S A M P L E - R A W  SEWAGE 
TEMP. OF INCUBATION 
FOR BO D - 20° C 
PLATE COUNT - 37
2 3 4
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Table XIV, Effect of Stirring on Bacertia Growth
Using Primary Settled Sewage
Time
i i i i  i i
Viable Bacteria Count 10^/ml
Days Sample 1 Sample 2 Sample 3
Stirred Unstirred Stirred Unstirred Stirred Unstirred
0 110 110 20 20 50 50
0.5 360 . 2 4 0 140 120 55 50
1.0 400 310 460 340 132 74
1.5 460 370 500 420 220 164
2.0 480
oo-cf 530 460 290 260
2.5 210 160 470 340 250 190
3.0 180 170 380 280 190 165
3.5 110 100 180 160 140 128
4.0 80 70 100 40 104 104
4.5 162 128
5.0 50 40 100 4-0 104 • 104
5.5 60 60
6.0 50 30 60 40 82 80
6.5 - 50 - -
7.0 40 40 — — 84 82
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EXPERIMENT NO. 3
SAMPLE-PRIMARY SETTLED SEWAGE
TEMP. OF INCUBATION FOR B0D-20°C
TEMP. OF INCUBATION FOR PLATE
; COUNT- 37° c
5 63 420
T IM E  - D A Y S  
FIGURE 18L E F F E C T  OF S T IR R IN G  ON BACTERIA! 
GROWTH USING P R IM A R Y  S E T T L E D  SEWAGE
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Table XV. Effect of Stirring on Bacteria 
Growth Using Final Effluent
Time Viable Bacteria Count 10^/ml
Days Sample 1 Sample 2 Sample 3
Stirred Unstirred Stirred Unstirred Stirred Unstirred
20 20 20 2*0 4° 20 20
0.5 4-0 30 12*0 80 1 3 0 117
1.0 90 80 800 430 4 0 0 330
1.5 200 12*0 760 4 0 0 . 360 290
2.0 180 160 550 190 340 250
2.5 290 210 5 0 0 2 5 0 300 190
3.0 310 230 730 15Q 2 4 0 120
3.5 170 160 380 120 260 165
4.0 - - 130 80 230 80
4.5 140 . 12*0 200 1 5 0 - -
5.0 40 35 130 120 150 130
5.5 50 65
6.0 40 35 12*0 100 70 60
6.5 - -
7.0 .20 10 30 30 120 140
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Table XVI. Effect of Stirring on Bacteria Growth Using
Synthetic Medium
Time
p
Viable Bacteria Count 10 /ml
Days Sample 1 Sample 2 Sample 3 Sample 4
Stirred Unstirred Stirred Unstirred Stirred Unstirred Stirred Unstirred
0 60 60 105 105 170 170 300 3 0 0
0.5 85 6 0 350 135 580 140 4 0 0 350
1.0 . 660 350 1075 •160 550 160 1000 700
1*5 4950 1425 1250 160 800 280 1 0 5 0 760
2.0 5100 2235 1400 260 1000 650 830 630
2.5 3875 1975 1230 260 620 610 200 200
3.0 .1150 970 1500 260 480 360 90 80
3.5 750 400 1400 390 460 200 150 90
4.0 - - 1390 450 3 0 0 230 170 50
4.5 5 0 0 3 0 0 2250 490 180 330 150 70
5.0 120 115 - 975 - 150 90
5.5 mm 50 - 470 20 20
6.0 2 5 0 115 1 2 5 0 350 - mm 110 90
6.5
7.0 mm 1250 450 mm mm 50
0-3“
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EXPERIMENT No 3
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EXPERIMENT No. 3
SAMPLE _ DEXTROSE 250 mg/ 
DILUTION FACTOR 300/4 
TEMP. OF INCUBATION -20±I°C
I 2 1 3  4
INCUBATION TIME _ Days
F GURE 20 -  EFFECT OF STIRRING ON BACTERIA GROWTH 
AND BOD USING  SYNTHETIC MEDIUM
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C. EPPECT OP C02 PRODUCED BY 
MICROBIAL RESPIRATION ON BOD PROGRESSION
Experiments were conducted to study the effect of 
reducing the concentration of C02 around the cell membrane on 
the bacterial activity and on the biochemical oxygen demand. 
The results of BOD progression, with and without C02 absorpt­
ion, are plotted in Pigure 21. In one set of BOD bottles, .the 
C02 was continuously absorbed by KOH as soon it was produced, 
while the other set was run simultaneously under similar con­
ditions but without absorping C02  ^ Both series of experiments 
were conducted on 250 mg/1 dextrose solution seeded with sett­
led primary settled sewage. The BOD values plotted in Pigure 
21 represent the arithematic average of readings from three 
similar BOD bottles. Pigure 22 shows the corresponding chan­
ges in pH values of the BOD. bottle contents in the two cases.
The above experiments were repeated by running two 
series of BOD bottles under same conditions as before except 
that the air pocket was replaced by nitrogen gas. The re­
sults of these experiments are shown in Pigure 23 and 24.
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PRESENT
CO ABSORBED BY KOH
7
6
EXPERIMENT NO I 
SAMPLE-DEXTROSE 250 mg/L
5
2 3 4 5 60
TIME _ DAYS 
FIGURE 22. EFFECT OF C02 REMOVAL ON pH
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BOTTLE)
4 5 6320
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FIGURE 2 3 - E F F E C T  OF C 0 2 R E M O V A L  ON
BOD P R O G R E S S I O N
/
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 ?
8
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/ _ _ - 0
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COp PRESENT
6 SAMPLE _ DEXTROSE 250 mg / I  
INCUBATION TEMP. _ 2 0 ° C
(NITROGEN GAS POCKET  
PRESENT IN BOD BOTTLE)
5
4 632 50
INCUBATIO TIME _ Days
FIGURE 24- EFFECT OF CO REMOVAL ON pH
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D. TEMPERATURE EFFECT ON BOD 
PROGRESSION
In order to study the effect of temperature and tur­
bulence on the rate constant, 5-day BOD, and ultimate oxygen 
demand, nine experiments, divided into three groups, were 
conducted on a synthetic medium, under stirred and unstirred 
conditions* BOD readings obtained from the 9 sets of exper­
iments are presented in Appendix E. BOD progression curves 
in the three sets are shown in Figures 25, 26, and 27*and 
the values of k, LQ , and t., calculated by the Moments Meth-Gv O
od, are presented in Table XVII.
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Table XVII - Values of k , L& , and tQ at Different 
Temperatures Using 250 mg /I Dextrose Solution
Run Temperature Stirred Sample Unstirred Sample
No.'
of
Incubation
k *0 k La *o
°C day*”* mg /I days day"1 mg /I days
1
3
20
#
0.285 183 0.539 0.235
«»«■»
166 0.726
33 0.235 186 -0.652 0.235 174 0.260
10 0.035 236 0 . 9 H 0.0 4 164 1.388
2 20 0.355 137 0.493 0.235 127 0.625.
30 0.415 147 -0.039 0.265 135 0.093
15 0.155 182 0.765 0.125 178 0.900
3 20 0.185 216 0.694 0.145. 205 0.718
25 0.245 202 0.368 0.215 199 0.712
* No biological activity was observed at this temperature.
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E. STUDIES ON EUTROPHICATION IN BOD BOTTLE
All the previous studies on this aspect, have utiliz­
ed the standard BOD test without any attention to the fact 
that turbulence Is also present in actual conditions and it 
might affect both the processes significantly. Therefore, in 
this phase of study the effect of turbulence on BOD progress­
ion of a sample containing algae and incubated 50 percent in 
light alternatively with 50?S in dark, was investigated*
Pigure 28 shows the change in the dissolved oxygen 
concentration in BOD bottles with time of incubation. The 
BOD bottles contained only standard BOD dilution water and the 
change in DO is due to respiration and photosynthesis of algal 
cells.
Pigure 29 shows the BOD progression of primary settled 
sewage, measured by the standard procedure, with and without 
the presence of algal cells. Two separate BOD progression 
curves are shown for the experiments conducted in presence 
of algal cells. In the first, the calculations are based 
on a blank with no algae while for the second curve, compu­
tations are based on a blank containing equivalent concentra­
tion of algae as those added to the bottles of the primary 
settled sewage sample. It can be seen that the second case 
yielded an apparent higher BOD values.
Pigure 30 shows the plots of the BOD values obtained
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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with a primary settled sample tested under the standard quies­
cent conditions and'continuous stirring for 14 days. Figure 31 
illustrates the BOD progression curves of the same sample, 
tested under quiescent and continuous stirring conditions, and 
in presence of algae.
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CHAPTER VI 
DISCUSSION
A. Comparison of Methods Used for Evaluating BOD Parameters
B. BOD Progression of Different Substrates*
I. Effect of Varying the Stirring Speed on BOD Progre­
ssion.
II. Effect of Stirring at a Constant Speed on BOD Progre' 
ssion, With Different Substrates.
C. Application of laboratory Results to Field Conditions.
D. Response to Turbulence of Heterotrophic Micro-organisms
in BOD Bottle.
E. Effect of COg Produced by Microbial Respiration on BOD 
Progression.
P. Temperature Effect on BOD Progression.
Or, Studies on Eutrophication in BOD Bottle.
H. Proposed Model For the Effect of Turbulence on BOD Prog- 
: ression.
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A. COMPARISON OP METHODS USED POE EVALUATING
BOD PARAMETERS
The values of k, 1_, and t. for each sample havea U
"been calculated by three different methods after modificat­
ions, i.e., the Slope Method, the Moments Method and the 
Graphical Method. Although the statistical approach used 
in each method was different, the values obtained by all the 
three methods are consistent in most cases, Tables V,VI, VII, 
VIII, IX, X, XI and XII. However, a noticeable variation in 
the results obtained by the individual methods was observed 
occasionally. Therefore, comparisons based on the average 
of the values obtained by three different methods rather than 
by any one method alone, give better confidence in conclusions 
drawn from these data. Consequently, the average values have 
been used for discussion.
Gannon (l) had carried out both laboratory and field 
studies on BOD rate constant for selected samples from Clinton 
and Tittabawassee Rivers. He computed the BOD rate constants 
by using several mathematical and graphical methods, includ­
ing the Moments and the Slope Methods without any modificat­
ions. In his study, the Slope Method yielded k values sig­
nificantly different than those obtained by the Moments Method, 
and he concluded that the method of analysis difinitely inf­
luences the resulting k value. It may be mentioned that all
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the three methods used in the present study had been modified 
and these modifications may have resulted in better consis­
tency in results*
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B. BOD PROGRESSION OP DIFFERENT 
SUBSTRATES
I. Effect of Varying the Stirring Speed on BOD Progression:
In practice, turbulence is present in stream or is 
initiated in treatment plants at different degrees. It is 
expected to result in different effect on the rate of oxygen 
utilization by each substrate for biochemical reaction.
In the progression of first stage biochemical oxygen 
demand, the effluent of the primary treated sewage is of rela­
tive importance as compared to the other types of wastes.
This is because primary settled sewage undergoes biological 
stabilization either in secpndarjr treatment or in the receiv­
ing streams and in either case the reaction is dependent on 
the concentration of organic matter present. Therefore, the 
selection of primary effluent, from amongst other wastes, for 
the purpose of this study, was considered realistic to make 
the application of results more meaningful in the design of 
subsequent treatment units or in controlling the rate of waste 
discharged into the receiving streams•
The problem with the secondary treated effluent 
arises due to the presence of nutrients, mainly phosphorous 
and unoxidized nitrogen, which will exhibit a long term oxy­
gen demand in the receiving water.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 32 shows a plot of the ratios between kg and
k , based on the average values obtained from the three meth- 
<1
ods of calculations for each experiment, corresponding to the 
stirrer’s speed.
The line of best fit for the average ratios of k-values
was obtained by least squares technique. Accordingly, the
—1variation in the rate constant, k in days , with respect to 
the change in stirrer’s speed, F in revolutions per minute, 
can be given by the following relation:
test.
A correlation factor of 0 . 8 6 6  was obtained for the 
above equation indicating that there is a good association 
between the variables at If* level of significance. Applying 
the t-test (75), it was found that the slope value, 3.404 
x lO-*4, in Equation 24 is significantly different from zero. 
Thus the Equation 25 represents a real change in k-values 
as a result of stirring. The probability of drawing an err­
oneous conclusion in this case was very close to 0 . 1 0  percent.
1.035 + 3.404 x 10~ 4  F
or hL, = 1.035 k + 3.404 x 10~ 4  k FO
where, kg is the rate constant for the stirred sample,
and lc is the corresponding rate from the quiescent
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Moreover, the intersection.of straight line, plotted in Figure 
32, with the Y-axis is found not significantly different from 
1.0 .
An exponential representation of data in Figure 32 
was attempted hut a poor correlation was obtained.
The ultimate oxygen demand of primary settled sewage 
showed a slight increase in value due to stirring. The maxi­
mum average increase was found to he 16# and 13#, when the 
BOD hottle contents were stirred at 210 and 680 rpm respect­
ively. Attempts were made to find the relationship between 
the different values involved, i.e., the ultimate oxygen 
demand under continuous stirring, (l»a)s in mg/l , the ulti­
mate oxygen demand under quiescent condition, (B_) in mg/l,a q
and N. Two alternative functional plottings were tried.
First, both the ratios of (B_) /(B) and I values were plot-
I S cv
ted on arithmetic scales as shown in Figure 33. The follow­
ing equation for the line of best fit was obtained statistically.
(Ba )s/(La)q = 1.076 + 7.28 x lo”8 U ...26
or (Ba)B =r 1.076(Ba)q + 7.28 x lO*"8 ^ ^  N ...27
The intercept, 1.076, on the B&-axis of Equation 26 
was compared to 1.0. The t-test, which was employed for this 
purpose, revealed that there was no significant difference
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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between both values at the 99 confidence interval. However, 
the absence of correlation between the parameters being 
studied, in addition to the fact that the slope of the straight 
line was not significantly different than zero, at the 10$ 
level of significance, make it preferable to explore an ex­
ponential representation. For this purpose, the Ia-values 
and the stirrer's speed N were assumed to be related by an 
equation of the form
= 0 ej -” 28
or log (la)s/(la)^ - log 0 + H log e1 ...29
where C and 0-^  are constants.
A least squares technique was employed to obtain 
onstants in Equation 29. This yielded a value of zero for 
the.slope, log 0^, and a value of 3.06 x 10*“^  for the inter­
cept, log 0. The parameters of Equation 29 were found to 
have no correlation.
Several other formulations were attempted to improve 
the correlation, but poor correlations were obtained in all 
cases. It is to be emphasized that in all the investigated 
formulations, their linear representation was, always, statis­
tically parallel to the H-axis. This may be held as a proof 
that there is no real change in the L&-values because of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
stirring.
Hie little River Sewage Treatment Plant from which 
samples were collected, receives both domestic and industrial 
wastes. Normally, wastes of such mixtures exhibit both 
immediate oxygen demand and some delay in the activity of 
the viable micro-organisms. Certain chemical reducing com­
pounds such as ferrous iron, sulfite, and sulfide, if present, 
are responsible for the immediate demands. In the BOD bottles, 
a lag period is usually expected, as the organisms need certain 
time to become adjusted to the new environment. Also, dilution 
of the substrate in BOD bottles means the dilution of the 
available enzymes. Therefore, the phenomenon of the lag 
period is sometimes explained on the basis of the "seeding'1 
organisms in case they do not have the proper amount of en­
zymes systems to catalyze the available substrate. With 
time, however, the organisms adapt themselves to the avail­
able food and provide the necessary amount of enzymes.
The calculated tQ-values of the primary settled sewage 
samples, tested for BOD progression, under different stirring 
speeds are reported in Table VII. It is noticed that all the 
samples tested showed a negative lag period. This means that 
the utilized waste exhibited an immediate oxygen demand. Fig­
ure 34 shows that the average of the absolute t -values are 
decreasing with the increase in stirrer’s speed. The t0-val­
ues corresponding to a stirring speed of 1320 rpm were dis­
regarded, due to reasons explained previously.
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This variation in lag period with speed is due to 
several influencing factors and it is difficult to predict 
the role of each one separately. The main influencing factors 
are the effects of stirring speed on the activity and multip­
lication of viable organisms, the rate of oxidation of oxid- 
izable chemical compounds present and the magnitude of rate 
constane, k, in the early stages. It is interesting to note 
that the absolute tQ-values show a decreasing trend in mag­
nitude while the k-values are increasing as a result of incr­
ease in the stirring speed.
II. Effect of Stirring at a Constant Speed on BOD Progression 
With Different Substrates :
After having established the influence of the change 
in stirrer1s speed on BOD progression, all subsequent studies 
were conducted at a constant stirring speed of 680 rpm. The 
choice of this speed was based on the fact that it yields 
the maximum effect on both BOD values and the rate velocity 
constant "k,r.
Raw Sewage:
The t-tests were made to compare the significance of 
difference in results for k, 1 , and 5-day BOD values tabula- 
ted in Table VIII. It was found that, regardless of the meth­
od of computation, the k-values showed a significant increase, 
when the samples were continuously stirred. The probability
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of drawing an erroneous conclusion was less than 0.10$. like­
wise, 1^ values showed increase when the samples were contin­
uously stirred. However at a 90$ level of significance, the 
increase in I& values is not significant. The total average 
increase in k-values was 25$, based on the average of the three 
methods, with a maximum and minimum increase of 47$ and 13$ 
respectively'. There is a significant increase in 5-clay BOD 
values, ranging from 5 to 29$, with an average of 18$ for the 
tested samples. The 5-day BOD values, obtained from the stan­
dard quiescent tests, were compared with those determined after 
a 4-day incubation period with continuously stirring. As a 
result, although the 4-day BOD values are normally higher, 
it was found that there was no significant difference at 90$ 
confidence limits between the two tested values.
All the tested raw sewage samples exhibited an immed­
iate oxygen demand which resulted in a negative lag period.
The increase in the k-values may be responsible for substan­
tial reduction in the absolute value of the lag period when 
the BOD bottle contents were under stirring.
Primary Settled Sewage:
Tables IX and X show that in all the twelve samples, 
5-day BOD values under stirring conditions were significantly 
higher than those under quiescent conditions, even at 99$ con­
fidence limits. The percentage increase in the 5-day BOD 
ranges between 8$ and 37$ with an overall average of 20$.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Moreover, the 3-day BOD values of the stirred samples were 
not significantly different than the 5-day BOD values obtained 
from the standard tests, at 90$ confidence limits. Here again, 
the k-values show an increase due to stirring but the varia­
tion in I -values is not significant. The increase in k-val- 
ues is ranging between 4$ and 170$ with an overall average 
increase of 70$ for the tested samples.
The primary settled sewage samples also showed a neg­
ative lag periodic The effect of stirring, on the lag period, 
was similar to that found in the case of raw sewage.
Pinal Effluent:
Both the values of 5-day BOD and L0 increased when thecL
incubated samples were stirred continuously ( see Table XI ). 
The increase in 5-day BOD values ranged between 13$ and 70$, 
with an average of 44$ for the nine experiments. A similar 
increase in 10-day BOD values was noticed also, with maximum 
and minimum increase of 63$ and 13$ respectively. Moreover, 
the 3-day BOD values of stirred samples were not significantly 
different than the 5-day BOD values obtained from the standard 
tests, at 90$ confidence limits. The L -values showed a big-
cl
nificant increase in stirred bottles, with an overall average 
increase of 15$^ The behaviour of L values in this case is
Si
different than what was noticed for raw and settled sewage.
Here again, the stirring resulted in a considerable 
increase in the k-values. The percentage increase ranges
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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be'tween 18$ and 134$, with an average of 75$ based on eight 
samples.
A comparison between Figures 14 and 15 demonstrates
the fact that ammonium chloride is able to suppress the bio-
\
chemical oxidation demands due to nitrification in early 
periods of incubation. The second stage rise in the curves 
of Figure 15, was observed to have completely developed after 
5-days, while the curves of Figure 14 show no such Indication 
even after 15 daysi However, in case of several other samples 
containing ammonium chloride the second rise in curve had 
appeared after 7 to 9 days. Figure 35 illustrates such a 
trend of second rise in curve while using ammonium chloride, 
whereas the results obtained without addition of ammonium 
chloride are plotted in Figure 36. From Figures 14, 15, 35 
and 36 it can be concluded that ammonium chloride can be used
for a short term suppression of nitrification.
Pasteurization of three final effluent samples showed 
a similar trend in behaviour of BOD progression. It is noticed 
that pasteurization of samples yields BOD values slightly higher 
than those obtained when ammonium chloride was added. E p i ­
cal BOD progressions of one of the samples tested under 3 
different conditions, i.e., without nitrification suppression, 
with addition of ammonium chloride, and after pasteurization
are presented in Figures 37, 38, and 39 respectively.
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Synthetic Medium:
Values for k, La , and 5-day BOD obtained with synth­
etic media under stirring and quiescent conditions are given 
in Table XXI. Both k and 5-day BOD values show a significant 
increase due to stirring, but la values are not affected sig­
nificantly. The increase in k-values is ranging between 9$ 
and 157$ with an average of 86$ for all the tested samples1 
The variation in the rate constant, k, for different experi­
ments is attributed to the characteristics of the seed added. 
Likewise, the increase in the 5-day BOD is ranging between 
2$ and 14$. Moreover, standard 5-day BOD values, are still 
significantly less, at 90$ confidence limits, than those 
obtained after 3-days with the samples continuously stirred.
BOD progression tests on synthetic media exhibited a 
positive lag period which is different from what was observed 
in cases of raw, primary settled, and final effluent sewage. 
The lag period v/as considerably diminished when the BOD bottle 
contents were continuously stirred.
It is noticed from Figure 16 and 20 that the BOD pro­
gression curves with dextrose samples became almost horizo­
ntal after 2 to 3 days of incubation. The eight standard 
BOD tests conducted on diluted solution of 250 mg/l dextrose, 
yielded an average 1^ value of 137 mg/l (See Table XII).
This dextrose solution has a theoretical total oxygen demand 
of 242 rag/1 as calculated from the following stoichiometric
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equation:
CH20HCH0 (CH0H)3 CHOH.HgO + 6 Og > 6 C02 + 7H20
...30
Thus, the observed oxygen demand, values are 56.5% of the 
theoretical oxygen demand, indicating that not all the dex­
trose is converted completely to carbon dioxide and water.
The explanation for this discrepancy requires an 
understanding of the transformations that the organic matter 
undergoes when subjected to a biological degradation. Any 
organic m a t t e r i n  order to be oxidized by bacteria, must 
serve as a substrate from which the organisms can derive 
energy for growth and multiplication. The part of the or­
ganic matter used for growth is converted into cell tissues. 
This part generally remains unoxidized until the organisms 
start their endogenous respiration (76). When bacteria die 
they become food material for other bacteria as well as higher 
order organisms such as protozoans, and a further transforma­
tion to carbon dioxide, water and cell tissue occurs. Ulti­
mately, there always remains a certain amount of organic matter 
that is quite resistant to further biological degradation.
BOD studies (8, 19, 77, 78), using soluble organic 
substrates, have indicated some restrictions on the assump­
tion that the BOD reaction follows "first order"kinetics. In
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many cases, the exertion of carbonaceous BOD has been observed 
to occur in two phases. During the first one or two days of 
incubation, the soluble organic material is consumed by the 
bacteria at a rapid rate, and an amount, estimated to be
i
between 30 to 50^, is oxidized and the remainder is converted 
into bacterial cells. When this conversion has been completed, 
a "plateau" of several hours duration occurs in BOD progre­
ssion and it is attributed to the endogenous respiration phase 
of bacterial metabolism. A secondary rise in the rate of 
oxidation occurs as a result of the increase in the popula­
tion of protozoa which utilize the bacteria as food. The 
occurrence and duration of a noticeable plateau between these 
two phases are dependent on the interval of time between the 
peak of the bacterial population and that of the protozoan 
population.
The effect-of protozoic consumption of bacteria on 
the nature of the comulative oxygen uptake process is well 
defined by the work of Butterfield, et al. (18). Their data 
indicate that the initiation of growth of protbzoa lags 
behind that of the bacteria by 1 to 2 days. The rate of proto­
zoa growth does not become significant until the bacterial 
population reaches a maximum and oxygen uptake reaches the 
plateauo The activity of the protozoa, if they are present, 
give rise to another incremental period of oxygen consump­
tion and terminates in a second plateau in the cumulative
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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BOD curve much like the .first plateau resulting from bacterial 
utilization of substrate.
The results, obtained herein, which gave the average 
ultimate demand of the dextrose as only 56.5$ of its theor­
etical demand, clearly indicate that the plateau was extending 
from after 3 days upto the end of the incubation period of 
each experiment. The simultaneous observations on protozoan 
count had shown no evidence of growth during the entire in­
cubation period. It has to be emphasized that ammonium 
ohloride added in these studies for suppression of nitrifying 
bacteria is not responsible for this delay in the activity 
of the protozoa. This is concluded from the fact that similar 
trend in BOD progression was obtained when ammonium chloride 
was absent and nitrifying bacteria were suppressed by pasteur­
ization. Thus, these observations indicate that the presence 
of protozoa can play a significant role in the BOD test.
Tom (79) had studied the BOD progression of 300 mg/l 
glucose solution and obtained La-values in the range of 250 
to 285 mg/l, corresponding to a theoretical demand of 320 
mg/l. However, in a study on the occurrence of plateau in 
BOD exertion, Gaudy, et al, (20) showed experimentally that 
the plateau was of longer duration when the glucose concen­
tration in the system was as low as 4 mg/l . In present in­
vestigation dextrose concentration in BOD bottle after dilut­
ion was 3.33 mg/l . It can be concluded that the ultimate
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first stage oxygen demand depends upon the concentration of 
substrate in the BOD bottle and also on the activity of pro­
tozoan.
General t
The results presented in the previous chapter show 
that, irrespective of the source of sample, the 5-day BOD 
values obtained in stirred bottles are always higher than 
those obtained by the standard procedure without stirring.
The average increase in 5 -day BOD values range between 1$ for 
synthetic medium and 44$ for the final effluent. lordi, et 
al. (51), arrived at the same conclusion from their study after 
they had observed an average increase of 14.6$ in 5 -day BOD 
values utilizing sewage samples filtered through glass wool.
It is interesting to note that the percent increase in 5-day 
BOD values due to stirring in case of raw sewage and primary 
settled sewage is higher as compared to synthetic media. This 
is because the utilization of soluble substrate in case of 
synthetic media is almost completed in the first 2  to 3  days 
of incubation period, (Figure 16 & 20). The k-values showed 
an appreciable increase in all types of samples which were 
continuously stirred (Tables VIII,IX, X, XI, and XII).
In most cases, the first stage ultimate oxygen demand,
D& , values (Table y.Ill, IX, X, XI, and XII) show no significant 
difference between stirred and unstirred cases. However, a 
significant increase in I -values due to stirring is' observed
Cv /
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in certain final effluent samples. The possibility of simul­
taneous occurrence of oxidation of carbonaceous matter and 
nitrification in the early stages, even with the presence of 
ammonium chloride, may be responsible for the higher D^-values 
in these final effluent samples.
Ammonium chloride has been .found to delay the start 
of nitrification stage, in the biochemical oxidation demand. 
After adding ammonium chloride in final effluent samples, 
second rise in BOD progression curve due to nitrification was 
observed after 7  to 9  days, whereas without ammonium chloride, 
a similar trend is observed within first few days. Therefore, 
it can be concluded that ammonium chloride causes a short 
term suppression of nitrification. The period before the 
effective nitrification phase starts is dependent on the char­
acteristics of the waste sample, with respect to the number 
and stage of growth of nitrifying flora present at the time 
of adding ammonium chloride. It is noticed that the suppre­
ssion of nitrification with ammonium chloride was accompan­
ied by a slight decrease in the ultimate first stage oxygen 
demand in both final effluent and synthetic media.
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C. APPLICATIOF OP LABORATORY RESULTS TO FIELD
CONDITIONS
Oxygen balance studies to determine stream capacity 
in assimilating organic pollution are based principally on 
the Streeter-Phelps Theory (4 ). According to this theory, 
the dissolved oxygen profile along a river stretch is given 
by the following equation:
k-L -k,t -k-t -k5t
D = —  (10 1 - 10 d ) + D 10 ^ . • . 3 1
k2“K 1 0
where D = Dissolved oxygen deficit in mg/l
k^  = BOD reaction rate constant in day”*^
L& = First stage BOD at the upstream end of the
stretch
k2  = Reaeration rate constant in day"^
t = time of flow in the stretch in days
and Dg = The dissolved oxygen deficit at the point
of discharging the waste*
The above mentioned equation is based on the assumption that 
there are only two main processes taking place simultaneously, 
i.e#, oxygen being removed along the stretch by the biochemi­
cal oxidation of organic matter while replaced by reaeration 
at the surface*
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Dobbins (80) modified and extended the Streeter- 
Phelps Equation to take into account the following additional 
sources of oxygen supply and demand:
a* the removal of BOD by sedimentation or adsorption,
b. the removal of oxygen from water due to benthal 
demand,
c. the removal of oxygen by plant respiration,
d. the addition of oxygen by photosynthesis*
By taking these factors into consideration, Dobbins 
modified Equation Ji to the form:
Lb. -(k.+kjt -kPt
V La - >(1Q 3 - 1Q V
k2 - (k.j + kj)
Dr k 1 L, -kpt
+ 2.3 + 2.3 ■K^ Tdl+kj) )( 1 - 10 )
+ D0  1 0  k£t ...32
where k, ■ The rate constant for the removal of BOD by
sedimentation or adsorption or both in day“^
= Rate of addition of BOD due to bottom desposits
along the stretch in mg/l per day* 
and Dg = The net rate of addition of oxygen due to
photosynthesis and plants respiration in mg/l 
per day.
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If L^, k^, and Dg are set equal to zero, Equation 
31 reduces to the Streeter-Phelphs Equation.
The reaeration coefficient ^  has been defined by 
the following general relationship:
-  C IT”K _ • ••>.?
^ 2.3 H
where U is the average stream velocity in fps,
H is the average stream depth in ft.
Depending on the stream conditions, different values 
for C, n and m have been reported by several investigators 
(81, 32,83). Churcill, Elmore, and Buckingham (81) have pro­
posed the following equation:
5.026 B0 * 9 6 9  ,, ,T- 2 0
2  “ ^ -g.1':zn   (1-024) . . . 3 4
in which T denotes the temperature in °C.
The value of the BOD reaction rate constant, k^, 
should be determined in the laboratory. The rate of oxidation 
of the carbaneous organic matter in the standard BOD test, 
previously defined as k, is used frequently instead of. the 
actual rate constant k^  in the stream, even when the value 
of k| has been reported to be several times greater than k 
(1:), (*f9), (50), (.51). In this study, it is shown that the higher 
k^ value in stream is due to the presence of turbulence which
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is absent in the standard determination of k-value in the 
laboratory. Therefore a procedure for determination of a
realistic value of is suggested below.
When the BOD bottle contents were stirred at diff­
erent speeds, different rate constant values were obtained.
As shown previously, the rate constant value and the stirrer*s
speed are related by the following equation:
kg = 1.035 kq + 3 .ifOif x 10"^ kq N ...25
Since this equation has been obtained for a diluted primary 
effluent as the organic substrate, kg here is considered to 
represent k^ in running streams.
In order to make Equation 25 applicable to the flowing 
streams, the stirrer*s speed, N, should be replaced by the 
mechanical energy input to the fluid system. Since a 1” x 
5/16" teflon covered octagonal magnetic bar was employed in 
these experiments for mechanical mixing and stirring of BOD 
bottle contents, the method suggested by Fair and Geyer (8 lf) 
is used for calculating the energy input.
When the bar is rotated continuously in the BOD 
bottle, it generated both mass flow and turbulence. The 
power input for mixing and stirring is reduced due to the ro­
tational movement of the water mass as a whole. The useful 
part of the power input to the fluid system is a function
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of the drag force, F^, of the magnetic bar, the relative 
velocity, v, of the magnetic bar and the fluid, and the 
projected area, Ac , of the bar, perpendicular to the direction 
of rotation. The drag force, F^, on the other hand, can be 
expressed in the functional form,
Fp ~ f* (v, Aq, p, y ) . . * 3 5
where yand p are the dynamic viscosity and the mass densi­
ty of the fluid, respectively.
By dimensional analysis, the above function can be . 
formulated as,
o £
Fjj ~ v Aq p f (v A q p / y )
- v 2  Ac p f (R) ...36
where R is an expression for Reynolds number,
P PSubstituting the dynamic pressure, pv /2, for pv , 
and Newton's drag coefficient for f(R),
Fp = Cp A q pv j/2 ...3 7
The useful part of the power input, dp, due to an
element of projected area dA-c at a distance, r, from the
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axis of rotation, as shown in Figure 40, is given by
dP = Fd v = i CD dAc pv3 ...38
If, J, is the ratio of the fluid velocity, vf, 
to the magnetic bar velocity, v , the relative velocity of 
the rod, v, will be:
v = v - J v = (1 - J) v m m  m ...35
or 2 tt (1 - J) r N/60
where N is the speed of stirrer in revolutions per minute, 
It follows that dP, can be written as,
dP = $.74 x 10“^ CD p [(1 - J)N]3 r3 dAc ...41
N rpm
' j )  *
H  \*~
s
^ c 1 )
I.1
! [- ^ - H
ro ■ 5
2ro
Figure 40. - Projected area of magnetic bar
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or the total power dissipated in ft lb/sec,
P = 5.74 * 10-* CD p(l - J)3 N3* 2 /U r3 dA
ro
o
= 5.74 * 10"* Cn P(1 - J)3 N3* 2b /° r3 dr'D
o
« 2.87 * 10"* Cp. P(1 - J)3 N3 b r^ 2'D p
with
CD = Drag coefficient, varying with Reynolds number, R,
p Nb r p
R = 5.25 * 10""* » ----2--- ...43
p « absolute viscosity lb mass/ft sec.
p = mass density lb mass/ft3
N = stirrer*s speed rpm
b#2r a width * length of the projected area 
of the magnetic rod perpendicular to 
the direction of flow ft # ft
The observational relationships between Newton’s co­
efficient of drag, Cp, and, R, for circular cylinders are 
given by Rouse (85).
The lowest stirrer's speed utilized in this study 
was found sufficient to start producing turbulent regime in 
BOD bottles and the highest speed produces complete turbu-
f
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Equation 42 gives the power dissipated to the total 
liquid in the BOD bottle. With the volume of the BOD bottle 
equal to 300 ml , the useful power input per unit volume, in 
ft lb/sec/ft3 becomes,
Py = 2.72 * 10~2 CD p (1 - J)3 N3 b r£ ...44
from which,
Pv
2.72 * 10*°2 CD p (1 - J)3 b r£
In the field, the pov/er dissipated to a unit volume 
of river water, in ft lb/sec/ft3 , between two stations, & ft 
apart, is given by
PT = = PS a s  ...46
where a = cross sectional area of the flowing stream 
in ft2
Q = rate of flow in ft3/sec
h » head loss accured by a flow Q in ft
w = unit weight of the fluid in lbs/ft3
p
g ss gravity constant in ft/sec
U » mean velocity of flow in ft/sec = §a
and S = slope of the water surface ft/ft = —
JL
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Therefore, by knovring the characteristics of the 
flowing stream which include a, U, p , S, and & , the energy 
dissipated to the fluid per unit volume can then be obtained 
from equation 4-6, With this value of Py , two alternative 
procedures can be followed to predict the rate velocity 
constant, k, in the stream under consideration. The first 
procedure is to calculate N from equation 44 and utilize it 
to run the BOD progression test, with continuous stirring, 
in the laboratory. The value of CD will have to be determined 
from the graph between and R (85) by trial and error method. 
The alternative procedure is to run the standard BOD pro­
gression test and obtain k^* With known kq and N rpm, Equa­
tion 25 can be used to yield the rate velocity constant, ks , 
applicable to the stream conditions. A typical example is 
solved in Appendix F.
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D. RESPONSE TO TURBULENCE OP 
BETEROTROPHIC MICROORGANISMS IN BOP BOTTLE
Typical ‘bacterial growth curves obtained with differ­
ent types of substrates ( Pigures 17 to 20 ) show a remarkably 
similar trend, both under stirring and quiescent conditions. 
These Pigures illuatrate that:
(i) The number of the viable cells in the stirred bottles
was always higher than the corresponding number obtained 
under quiescent conditions. The average increase in the 
maximum cell counts is 35 
(ii) The lag period is considerably reduced because of turbu­
lence.
(iii) Stirring increased the rate of logarithmic growth.
Civ) The peak of both curves for viable cells was reached with­
in 1.5 to. 2.0 days.
(v) The stationary phase did not exceed few hours under either 
condition of test.
(vi) No change in the rate of logarithmic death was observed, 
(vii) Although the time to reach the maximum bacterial popula­
tion, starting from the time of incubation, was approx­
imately the same, the net growth period under stirring 
condition was more.
It is also noticed that the appearance of.maximum via­
ble population corresponds to the plateau in the BOB curve.
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All the experiments on synthetic media have shown a pronounced 
occurrence of a plateau in oxygen uptake lasting for longer 
duration. The second stage of BOD exertion, corresponding 
to a dieoff in viable population, did not show any pronounced 
rise in the BOD values^ Assuming that this might he due to 
a delay in the activity of protozoa, tests were made to inv­
estigate the growth and multiplication of protozoa in BOD 
bottles. These tests indicated no evidence of protozoa growth 
within the first 6 days of incubation period.
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E. EFFECT OF COg PRODUCED BY
MICROBIAL RESPIRATION ON BOD PROGRESSION
Figure 22 shows that there is an appreciable decrease 
in pH values with BOD progression in control experiment wher­
eas it remains fairly constant when COg is absorbed. Also 
Figure 21 illustrates clearly that the rate of oxygen utilis­
ation is higher in the early stages when COg is being absor­
bed. Reaeration of diluted samples from air pocket present 
in the BOD bottles, is responsible for the apparent decrease 
in BOD values in the later stages of BOD progression. However, 
the BOD values in the C02 absorption set are still higher dur­
ing the entire incubation period. When the residual dissolved 
oxygen concentrations in the two series are plotted against 
the incubation time, in Figure 41» two curves, similar to the 
sag curve in streams, were obtained. The increase in dissolved 
oxygen in later part of the curves is due to absorption of 
oxygen from air pocket.
When experiments were conducted after replacing air 
pocket In BOD bottle with nitrogen gas ( Figure 23 ), still 
a trend similar to that obtained in the above experiment was 
exhibited. In this case, the BOD progression in initial stages 
is more rapid when COg gas is absorbed; however,the oxygen is 
released from the liquid to the nitrogen gas because of higher 
partial pressure of oxygen in liquid, and after a short period 
of incubation, gas pocket start acting as air.
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F. TEMPERATURE EPPECT ON BOP 
PROGRESSION
Table XVII and Figures 25 to 27 demonstrate that 
turbulence affects the rate of substrate utilization by micro­
organisms when incubated at different temperatures. The tur­
bulent conditions yield higher rate of substrate utilization 
at all incubation temperatures between 10 and 35°C. The com­
bined effect of turbulence and temperature on the rate of 
substrate utilization is shown in Figure 42 by plotting (kg/kgo) 
versus incubation temperature, T in °C. The two curves exh­
ibit a similar trend in the change of rate constant values 
with the increase in temperature. The maximum k-values is 
obtained at about the incubation temperature of 25°C. The 
(ktj/lc20) values of stirred samples were compared with those 
obtained under quiescent conditions, and no significant diffe­
rence was found at 90$ confidence limits. This means that the 
Streeter and Phelps equation(Equation 3) originally obtained 
for k-values at different temperatures in absence of turbul­
ence can also be applied in presence of turbulence. However, 
it must be emphasized that this is true only within the range 
of turbulence in which the change in drag coefficient due to 
change in Reynolds number is not significant, as was the case 
in this study. The author believes that Streeter and Phelps 
Equation can be used for low turbulence values also without
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appreciable error.
It was not considered necessary to obtain tbe values 
of tbe thermal coefficient, 0, since this value depends on 
the nature of specific wastewater and the values of 0 for 
different wastes are available in the literature. It Is 
emphasized that the 0 value.for the given wastewater should 
be checked experimentally.
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1 M
Or, STUDIES ON EUTROPHt CATION IN BOD BOTTLE
Based on th information available in literature, • 
algae are found to Lave some significant effects on streams. 
Particularly, the problem associated with algal growth and 
death in the flowing streams has been studied extensively^
The influence of the presence of algae on the lab­
oratory BOD determination has been investigated by Varma, et 
al. (40), and Yfisniewshi (4 1 ). Their experiments included 
incubation of BOD bottles each day for 50 percent time in 
light and for 50 percent time in dark. These observations 
were compared with continuous incubation in dark and a 
significant difference in dissolved oxygen usage rate between 
the two cases was observed. This light and dark technique 
assumes that the biological reactions proceed in BOD bottles 
in a similar way to the BOD progression in streams. Herbert 
(8 6 ) criticized this method because of the lack of turbulence 
in the bottle, which mean major deviation from stream condit­
ions. Acc ordingly, in the present study, turbulence was 
introduced in BOD bottles.
Figure 28 illustrates that a lag period of 1.0 to
1 . 5  days is required for the algal cells to become acclima­
tized to the new environment in quiescent BOD bottles. During 
this period oxygen is used continuously to stabilize the dead 
algal cells. This period was followed by a continuous gain
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of oxygen. This value of the oxygen gain had reached 1.5 
mg/1 after 7 days of incubation. However, most of the oxygen 
gained' was used up for aerobic oxidation of dead algal cells 
as well as for the respiration of the live cells, during 
the period of continuous dark incubation extending from the 
7th to the 14-th day.
Figure 29 shows that the measurements of BOD values 
of sample containing algae should be based on a plank which 
does not contain any algae. The pupose of adding algae to the 
blank was to determine the•compensating effect of algal cells 
on BOD values of a sample when an equivalent amount of algae 
was added to the blank. The comparison between curves I and 
III shows that such a substitution is not possible, because 
the rate of growth of algae in the two media is different. 
Bewtra et al. (39) observed that the growth of algae in cul­
ture flasks; containing distilled water and a small quantity 
of sewage, was denser and quicker than those in flasks contain­
ing distilled water and some nitrates and phosphates.
Figure 29 also illustrates that a lag period of about
2.5 days was required by the algal cells to become fully acti­
ve in quiescent conditions in BOD bottle. During this period, 
dead cells become an additional organic load in BOD bottles 
thus resulting in an increase in the BOD values. The lag per­
iod was followed by a phase of active growth of algae during 
7/hich the oxygen produced by photo synthetic reaction was much
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greater than that consumed during equivalent periods of res­
piration and oxidation of organic matter. Accordingly, the 
BOD value; was considerably reduced from 117 mg/1 at the third 
day to 97 rag/l at the seventh day of incubation. The BOD 
value of the same sample after 7 days of incubation when algae 
were absent is 125 mg/1. Starting from the seventh day and 
until the end of the experiment, the light was OFF. During 
this period, the BOD progression curve of primary settled 
sewage with algae present showed a similar trend to that of 
the primary sewage waste only except that the final BOD value 
was much less in the first case.
Figure 31 shows that in the case of an unstirred sam­
ple, a lag period of three days was obtained; but when BOD 
bottle contents were continuously stirred, the period was red­
uced to 1.5 days. Moreover, it is evident from the graph that 
turbulence increases significantly the rate of oxygen produc­
tion during photosynthetic. This is indicated by the apparent 
decrease in BOD value to 15 mg/1 for the stirred sample after 
7 days of incubation corresponding to 80 mg/1 for the unstirred 
one. When the experiments were continued in complete dark­
ness starting from the 7th day, Figure 31 shows a higher rate 
of oxidation of organic matter as well as oxygen utilisation 
by the live cells in the stirred bottles as compared to the 
ones’under quiescent conditions. Morever, the final BOD 
value obtained from the stirred bottles was higher than the
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corresponding value of the unstirred ones. This emphasizes 
the fact that the growth of algae is faster in the stirred 
bottles during the phase of 50 percent light and 50 percent 
dark, and also it yields more organic load to be stabilized 
during the dark period of incubation.
During photosynthesist oxygen is produced when the 
water and C02 react in presence of sunlight to yield carbohy­
drates, according to the following general reaction (87)i
106 C02 + 90 HgO + 16 NO^ + 1 PO^ + light energy
= c106 3108 °45 N1S + 354/2 °2 •” 47
This process may become nutrient (N, P, etc.) or C02 limited, 
but in disposal of polluted water the limitation of any of 
these substances is undesirable (87)•
In the present study, the contribution of photosyn­
thesis to the stream dissolved oxygen was evaluated by using 
the light and dark bottle technique. Figure 28 shows that 
at the end of the seventh day of the incubation period, there 
is a net gain of oxygen with alternating light and dark incu­
bation. This indicates that the rate of oxygen consumption
by respiration of algal cells, (.^ -°2 use^ \ is iess than
dt
that of its production by photosynthesis, ( .•pr<?(*uce<3; ).
dt
Figure 29, also illustrates that, the BOD of primary settled
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sewage was apparently reduced after 7 days of alternating 
light and dark incubation to 80 mg/1 as compared to 125 mg/l 
in the control. This emphasizes again the fact that the 
presence of algae, under favorable environmental conditions, 
produce more oxygen than utilized by algal respiration and 
oxidation of organic matter during an equivalent interval 
of light, and dark exposure^
Figure 51 clearly shows that the net gain of oxygen 
produced at the end of seven days of alternate light and dark 
incubation, under quiescent conditions is almost half of 
oxygen produced under stirred conditions. The mechanism may 
be explained with the following equation:
Net Oxygen G-ain = Oxygen Produced by Photosynthesis
- Oxygen Consumed in light Respiration (bacteria)
- Oxygen. Consumed in lark Respiration (algae + bacteria) . 
It has been shown that the rate of oxygen utilization by res­
piration increases when turbulence exists. This simply indi­
cates that the increase in the oxygen produced by photosynthesis, 
when turbulence exists, is much more than the accumulated
value shown in Figure 31. It has to be emphasized that the 
increased rate of oxygen production by algal photosynthesis 
is not a free gift obtained at no costs. The increase in 
the rate of oxygen production is expected to be accompanied 
by an increased rate of algal cell production which will con-
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tribute considerably to the physical, chemical and biological 
characteristics of water. Moreover, when algal cells become 
unable to photosynthesize, they will provide an additional 
organic load. Pigure 31 shows that during the last-7 days 
of the incubation period, BOD utilized by stirred samples is 
135 mg/1 compared to 45 mg/1 of the unstirred one with a net 
increase in BOD of stirred sample at the 14th day equal to 
23 mg/1 .
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H. PROPOSED MODEL POR THE EFFECT OF TURBULENCE
ON BOD PROGRESSION
It is observed from Figures 12 to 15 that, by continuous 
stirring of BOD bottle contents, the progression of biochemical 
oxygen demand is accelerated as comparing to the quiescent con­
ditions in all types of. samples tested. Also, the bacteriogic- 
al examination of BOD bottle contents has revealed that, irres­
pective of the type of substrate, the number of viable bacter­
ial cells in stirred bottles is always higher than that obtain­
ed under standard quiescent conditions (se Figures 17 to 28 and 
Tables XIII to XYI). Therefore, the differences observed in 
BOD and rate constant values between stirred and quiescent con­
ditions are due to the increased rate of bacterial metabolic 
activity with the increase in turbulence.
In a bacterial system, the metabolic aotivity in terms
of substrate and oxygen removal by biochemical reactions is
composed of several rate controlling processes occuring in 
series, as illustrated in Figure 43 (20). The influence of tur­
bulence on these rates of reactions are described below:
I. Turbulence around the bacterial cell increases the net rate 
of material transport into the cell.
The rate processes involved in substrate and oxygen 
utilization due to the biochemical reaction are shown in Figure 
43, where:
is the rate of conversion of solid substrate into solution.
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Turbulence improves contact between enzymes and substrate, 
thereby increasing the rate of conversion (38) (17);
I?2 » RJ> are the rates of transport of dissolved substrate 
and oxygen to the vicinity of a metabolizing organism* The 
turbulence increases the direct contact of organisms with 
substrate and oxygen, thereby accelerating these rates;
R^, R^ are the rates of substrate and oxygen transport through 
the stagnant liquid film surrounding the cell* The turbulence 
influences the film resistance by reducing the film thickness; 
R^ and R^ sire the rate of substrate and oxygen transport 
through the cell membrane and
R. is the rate of biochemical reaction within the cell*
to have an important bearing on the rate of biochemical oxygen 
demand* The rate of molecular diffusion of dissolved substrate 
or oxygen is dependent on the concentration gradient along the 
film and the cross sectional area through which diffusion 
occurs (88),
The stagnant water film on the cell membrane appears
i.e. 3m 3 t
S
where, |*r = time rate of mass (m) transfer in the
3
direction perpendicular to the surface, 
Dt = diffusion coefficient of dissolved sub­
strate or oxygen through the liquid film,
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Ar = the length through which diffusion occurs, 
and A = total surface area through which diffusion
occurs*
Bacterial... cells grow by taking materials from out­
side the cell wall and converting them to build their own
synthesis is very rapid, e.g., a growing bacterial cell will 
synthesize 40,000 amino acid molecules of one kind and form 
150,000 peptide bonds per second. Under certain favourable 
conditions the bacteria can utilize the contents of material 
50 times its own volume before division (2i). Therefore, it 
can be assumed, that as dissolved oxygen and substrate reach 
the inside of the cell membrane, they undergo instantaneous 
changes. Accordingly, by making CQ in Equation k 8 equal to 
zero,
constituents material* The rate of chemical change and
3m 
31
or 3m DL C .W t  = - "T * T T  A . * c 50
dC
dt
D
and
where V = volume of liquid in the reactor, (a BOD 
bottle in this case),
dCand = time rate of change of concentration within
the bottle.
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It is assumed that a typical bacterial cell has
a radius r„ soon after cell division and this increases to o
r. in generation time, t , During the growth of bacterialw S
cell, its volume and r are changing, i.e., they become time 
dependent during the generation time. The total surface 
area, A, in the direction of mass transfer through which the 
diffusion occurs will be
A = Nt * 4* r| ....52
where, Nt = the number of viable bacterial cells 
at time t9
r_ average radius of the stagnant water film.
a
Therefore, the total rate of substrate removal with time can 
be represented by
dC DL- , „ 2 C
= - 17 * Nf *  ^ ra * ~  •■•*53
combining the constant values of D^, Ar, ra , and V during each
generation period, gives
$  * - kg . Nt i. 0
Comparison of Equation 5A with Streeter and Phelps (Equ. 2) 
shows that kgNt represents the rate constant for biochemical
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oxygen demand, k. Therefore, it is interesting observation 
that k is dependent on bacterial count*
• • k = v * ^  ra * Ar *»®55
Since .r\ = (rQ + )2 = - rQ Ar + ^
- + Aro o *56
• •
Dt rn
L  *KT 1. _  f O
Equation 57 shows that the value of k increases with a de­
crease in Ar, when other factors remain constant. Also, the 
value of k varies.directly with the number of active bacterial 
cell.
II. Turbulence increases the rate of removal of byproducts ac­
cumulating around the cell membrane, thereby improving the en­
vironmental conditions surrounding the cell.
A relatively narrow but effective pH range exists 
for most biological oxidation systems. In most cases it 
ranges between pH 5®0 and 9*0 with highest rate of oxidation 
occuring around pH 7®0 (2$)® The CO2 produced by microbial 
respiration will result in reducing the pH of the system, even 
in the presence of an effective buffering capacity.
Organic matter + 02 + NH^ Cel1^ New Cells + C02 + H20 '...58
Cells + 02  > C02 + H20 + NH3 ...59
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C0„ -I- H„0  ^  HoCOr,    HCOrr + H + ...602 d —=-------  d o ^ ---- J
When the stagnant conditions exist in BOD hotties, 
the concentration of COg around the cell membrane is expected 
to be higher than any other point in the solution where COg 
will reach only by molecular diffusion. This localized con­
centration of COg around the cell is expected to interfere with 
the cell activity. However, under the turbulent conditions 
around the cell, COg will be distributed rapidly and uni­
formly, in the solution, as soon as it leaves the cell membrane. 
Thus the formation of localised CO2  zones will be prevented.
The previous discussion in section E of this chapter 
conclusively supports the hypothesis that the increase in 
the rate cf removal of CO2  will improve the environmental 
conditions surrounding the cell and thus increase the rate 
of microbial activity.
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CHAPTER VII 
CONCLUSIONS
The values of k, L& , and tQ for each sample, cal­
culated hy three different methods after modifications, are 
consistent in most cases* However, a noticable variation in
I1
the results obtained by the three methods was observed occasion­
ally. Therefore, comparisons based on the average of the values 
obtained by the three methods rather than by any one method alone 
gives better confidence in drawing the following conclusions 
from the present study.
1, (i) 11+2. experiments conducted on BOD progression showed
that, irrespective of the source of sample, the 5-day 
BOD values obtained in stirred bottles were consistently 
higher than those obtained by the standard procedure •
The average increase in the 5-day BOD values ranged 
between 7% for synthetic medium and 44% for final 
effluent.
(ii) The rate constant values showed a significant in­
crease in all types of samples when the bottle contents 
were continuously stirred. The average increase in 
rate constant values ranged between 2 5 % for raw sewage 
and 86% for the synthetic medium.
(iii) The bacteriological examination of BOD bottle contents 
in 24 experiments revealed that the bacterial growth . 
and metabolic activity improved because of turbulence.
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(iv) The increase in 5-day BOD and k values is attributed 
to the increased population of viable microorganisms 
which, in turn, is due to an improvement in the environ­
mental conditions surrounding the cells as well as a 
decrease in the stagnant liquid film around each cell 
which would tend to increase the rate of substrate 
transfer inside the cells.
2 o (i) The ultimate first stage oxygen demand depends upon the 
concentration of substrate in the BOD bottle and also on 
the activity of the protozoan.
(ii) Addition of ammonium chloride has been found to delay 
the start of nitrification stage in the biochemical 
oxygen demand. After adding ammonium chloride in final 
effluent samples, the second rise due to nitrification 
was observed after 7 to 9 days, whereas without ammonium 
chloride, a similar trend was observed within first few 
days •
(iii) suppression of nitrification with ammonium chloride was 
accompanied by a slight decrease in the ultimate first 
stage oxygen demand in both final effluent and synthetic 
mediao
(iv) The increase in the ultimate oxygen demand due to stirring' 
of BOD bottle contents v/as pronounced only in some cases 
of the final effluent.
3* All the sewage samples exhibited negative lag periods,
while the synthetic medium had positive values. This is
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attributed to immediate oxygen demand exerted by sewage 
containing industrial wastes. The absolute values of 
the lag period decreased with the increase in the rate 
of stirring.
4. Equation 3 for. k-values at different temperatures,
originally obtained by Streeter and Phelps in absence
1
of turbulence, can be applied in presence of turbulence 
also by using the same thermal coefficient. The value 
for the thermal coefficient depends on the nature of 
waste and it should be determined experimentally before 
applying it.
3. (i) The rate constant values in case of primary settled sew­
age were found to change linearly with the stirrerfs 
speed.
(ii) The results obtained in the laboratory under quiescent
conditions should be interpreted carefully when applying 
to wastewater treatment practices or in wastewater dis­
posal to the streams. Procedure for translating the 
laboratory results to the actual field conditions has 
been described in this thesis.
6. (i) A significantly lower BOD is obtained with alternate
light and dark incubation of a sample containing algal 
cells than that obtained with standard incubation in 
dark.
(ii) With alternating incubation for 50% light and 50% dark •
every day, the rate of oxygen produced by algae by photo-
/
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synthesis is much greater than that consumed by them 
by respiration*
(iii) Continuous stirring of the BOD samples containing algal 
.cells showed a significant increase in the production 
. of oxygen by photosynthesis as compared to the unstirred 
samples*
(iv) The light-and-dark incubation method, with continuously 
stirring of sample would more nearly simulate existing 
conditions in the stream as well as in the aerated oxi­
dation ponds, and if properly used, would give more rep­
resentative BOD parameters than those obtained with the 
standard dark incubation method*
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Appendix A - Computer Programme and Flow Chart 
For The Slope Method
/ / B M O S L O P E  JOti )S721u 16492*, H.I.ALI @, C L A S S f o  « T i.Mii = 5
// EXEC F O R T L O A D , P A R H . F O R T = @ o C D ,  IDC?
// F O R T . S Y S  IN DD *
DIY'IENS I ON T ( 2 0 ) ,Y(2G) u)IFY(20) ,DIFYY(2D) , Y2(20) , TOl (20) ,
1 W ( 20 ) , V ( 20 ) , X ( 20 ) , SU imSCiU ( 3c3 ) , TO ( 30 ) » G ( 20 )
C PR OGRAM TO C h LC U L A T E  n a^MD L TO A GI V:lN N u OD OAT A GATHc.RLu' AT
C IRREGULAR m S WELL AS R E G U L A R  T I ME INTERVAL S .
C LAG PER I OO OK I M M u D  i a T ti O X Y G E N  oEi'IA.Mo IS TAKEN INTO
C C O N S I DE RA TION, .
NN =
C NN = N U M G E R  OF E X P E R I M E N T S
DO I 000 L L = 1 ,NN 
W R I T E (6,2)
2 F O R M A T ( 1 H 1 ,6 X ,loHTHE SLOPE H O T H E D >
W R I T E (6,21 )
21 F O R M A T (6 X , 7 H R E S U L T S )
C L30D = 0.0 AT T EQ UAL  OR VARIE S THAN ZERO *
C T = TIME IN DAYS .
C SOD = B I C H E M I C A L  O X Y G E N  D E M A N D  IN MG/I-.
R E A D (5,1> N 
1 F O R M A T ( I 15)
C N = N U M o E R  Of* l A cjG^AT OWY GOD U l>3ERV AT I OIL PLUS 1.0 WH ICH
C IS C O R R E S P O N D  ING TO t=>OD = U.O AT +VE OR -VE LAG PERIOD
R E A D (5,3) (T ( I ) i I= 2,N )
3 FOR MAT (8F1U.5)
R E A D (5,5) (YCI) , I= 1 tN)
5 FORMA T(QF 10.5)- 
C ■ T O (1) IS THE A S S U M E D  LAG P E R I O D  WHICH WILL REPLAC ED
C BY THE CO R R E C T  VA L U E  GY S U C C E S S I V E  A P P L I CAT IO N OF THE METH OD
C OF L E A S T  SUM OF SQU A R E S
TOC 1 ) =. -1 .O
DO 600 L = 1,33 
T ( 1 > = TOIL)
N 1 = N — 1
N2 = N-2 
C DY/DT = DIFY
DO 100 I= 1 , N 1 
D I F Y (1) = u .0 ’ ,
IF ( I•E Q .N 1) GO TO I ISO
D I FY ( I + 1 ) = ( ( Y ( I -l-l! )-Y ( I ) ) * ( T C I +2 )-T ( 1 + 1 ) )/ ( T( 1 + 1 )-T< I ) ) +
1 (YCI+2>-Y(1+1))*(T<I+1)-T<I))/(T<I+2J-T(1+1)))/<T(1+2>
1 -T ( I ) )
150 DIFYY(I) = D I F Y C I ) * Y ( I )
Y 2 ( 1) = Y ( I)**2
■ 100 CONTI NUE 
SUMY = 0 
SUMDY = 0 .
SUMDYY = 0 
SUMY2 = 0
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DO 200 I=2iNl
SUMY = Y (I ) + SUMY j
SUMDY = DIFYCI) + SUMDY 
SUMDYY = DIFYY(I) + SUMDY Y 
SUMY 2 = Y2(I) + SUMY2 
20 0 CONTINUE 
AN2 = N 2
A = C ( S U M Y 2 ) * ( SUMDY ) - ( SUMY ) -* ( SUMDY Y ) 
1 tSU.MY )**2)
B = ((A N 2 1*(S U M D Y Y )-<S U M Y )*(S U M D Y ))/
1 (SUMY ) -*-*2) . 1
K = 0.4343K 
AK = K 
AL = L 
AL = L 
' AK = 0 • 4 3 4 3 * ( —a )
AL = t-A/U)
C TO = LAG PERIOD
DO 500 J = 1 tN 
I F (J »EQ • 1 ) GO TO 77 
GO TO 75
77 G(J) = 0,0 
X (J ) = o.o 
GO TO 501
75 IFCABS(T( J)-TO(L-) ) . LE . 0.005 ) GO TO
GO TO 78 
444 G(J) = 0.0 
X!J) = 0.0 
GO TO 501
78 G!J) = A K * ( T < J ) - T O ( L ) )
X(J) = AL-*( 1 .0-1 .0/10. G**G!J) )
501 CO NT INUE '
82 FORMAT!FI 5.5)
500 CO NTINUE
S U M S Q O < L ) = O.U
DO 700 1 = 1 .N
700 SUMSQDCL) = SUMSQD(L) + !ABS(X!I)-Y!
W R I T E (5*101) SUMSQD(L)
101 F O R M A T ! 1 0 X . E 2 0 . 8)
IF!L.EQ.38)v GO TO 6 00 
TOIL+1) = T O (L ) + O.o5
600 CONTINUE
CALL AM INI (P L i 38 « N K i S U M S O D )
SUMS QD  ! Kl< ) = PL 
W R I T E (6.101) PL 
AKK = KK 
C DY/DT = DIFY
DO 800 I=liNl 
Til) = TO!KI<)
DIFY C 1 ) = 0.0
)/! !A N 2 )*!S U M Y 2 ) - 
! !A N 2 ) * 0 3 U M Y 2 )-
444
I ) ) ) *-*2
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IF(I.EQ.Nl) GO TO 5bu
DIFYCI +l)  = ( ( Y ( 1 + 1 ) — Y (I))-*fCT(I +2 ) — T ( '1 + 1 ) )/(T( 1 + 1) — T ( I ) ) +
1 (YC I+2)-Y< 1 + 1 > )*<TC 1 + 1 )-T(I ) )/<T< I+2)-T< 1 + 1 >> >/<T< I.+ 2) .
1 — T ( I ) )
550 DIFYY(I) = D i F Y < I I*Y< I >
Y2 ( I ■) = Y < I ) **2
a 00 C O N T I N U E  
SUMY = 0  
SU MD Y = 0 
S U MD YY = 0
S U M Y 2 = 0 |
DO 900 I=2 « N 1 ;
SUMY = Y (I ) + SUMY
SUMD Y = DIFY(I) + SUMD Y 
SU MD YY = DIFYY CI) + S U M D Y Y 
SUMY 2 = Y 2 ( I ) + SUMY2 
900 CO NT I N U E  
AN2 .= N2
A = C (S U M Y 2 )*(S U M D Y )-(S U M Y )*(S U M D Y Y ) )/< (A N 2 )*< S U M Y 2 ) “
1(S U M Y )*#2)
B = C ( A N2  ) * < S U M D Y Y  ) - ( SUMY ) * ( SUMDY-) ) / ( ( AN2 ) * ( SU M Y 2  ) - 
1 ( S U M Y >**2)
C K = 0.4343K
C AK = K
C AL = L
C AL = L
AK = 0.4343*(-3)
AL = (-A/B) .
DO B50 J =1 iN 
. I F ( J . E Q . 1) GO TO 76 
GO TO 79 
76 G (J ) = 0.0
X(J) = 0.0 
GO TO 850
79 I F ( Ad S( T(J)- TO (L )) .L E .0.0005) GO TO 666 
GO TO 74 
666 GCJ) =0.0 
X(J) = 0.0
GO TO 050 
74 G (J ) = A K * ( T ( J ) - T O ( K K ) )
X(J) = A L * ( 1 . 0 - 1 . 3 / 1 u . G * * G (J ) )
850 CO NT I N U E
W R I T E (6.4)
4 F O RM AT  ( OX « 1 HT i 14X. 1 HY i 1 I X o H D Y / D T  i S X) 7H Y*DY/DT  i9X-i2HY2)
W R I T E (6 i 6) (T ( I ) iY'( II ii)lFYt I ) » DIF Y Y ( I ) iY2( I ) » 1 = 1.Nl)
6 FORM A T (5 F 14.4)
W R I T E (6.8) T(N)iV!N)
8 FORMA T < 2 F 14.4)
<
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WR I T E (6 « l 0 ) SUMY , SUMu Y , S U Mu YY  < SUMY 2d 
10 FO RMAT( /3 X.1 1 HSUMS < 2 * N.-1 ) .4F14.4)
W R I T E <6.12) m < iA L i TO(M<)
12 F O R M A T ( / 8 X » E H K = F 1 U . 4 / 8 X . 2 H L = F 1 0 . 4 . 3 H T O = F 1 0 . 4 )  
W R I T E (6 »16)
16 F O R M A T ( 1 HI •19 X , 1H T « 1 5 X . 1 H X )
W R I T E (6« 13) (TCJ) iX(J) , J = 1 » N )
18 F O R M A T ( 1 OX . F 1 5 • 5 i 2X . F 1 5 • 5 )
1000 C O N T I N U E  '
STOP
END ' .
S U B R O U T I N E  AMIN I <P M  I N ,N .L * H R >
C E V A L U A T I O N  OF THE M I N I M U M  VALUE
D I M E N S I O N  W ( 3 8 ) i R R (38)
50 F O R M A T  (2X»E12.3)
DO 5 1 = 1 iN
I F ( R R ( I ).GT.U.O) GO TO 6
5 CO NT I N U E
6 PMIN  = R R ( I )
L = I
DO 10 I=L < N
I F t R R C I ). L E . O . u ) GO TO 10 
IF (PM I N . L E . R R < I ) ) GO TO 10 
PM IN = R R ( I )
L = I
10 C O N T I N U E  ' '
R E T U R N
END
/ *  . '
/ / G O . S Y S I N  DD *
/ / '
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(START)
idimensionI
/READ NN/
/READ. n ! T (I-H ) fcY (1)7
X
DIFYY(I)=DIFY(I)*Y(I) 
Y2 =Y(I)**2 ____
11=1+1
Initialize all 
sums to zero
S i p  
:±L
SUMY =SUMY+Y(I)
SUMDY =DIF( I) + SUMDY 
SUMDYY=SUMDYY+DIFYY(I) 
SUMY2 =SUMY2 +Y2(I)
>0 <0
|T(1)=T0(i)
N1=N-1
N2=N-2
DIFY(1)=0
DIFY(I+.1)=((Y(I+1)-Y(I))*(T(I+2) 
-(I+1))/(T(I+1)-T(I))+ 
(Y(I+2)-Y(I+1)))*(T(I+ 
1)-T(I))/(T(I+2)-T(I+1
)))/T(1+2)-T(I))   .   -------------
A= (( SUMY2 ) * C SUMDY ) - (SUMY ) * (SUMDYY 
)/((N2)*(SUMY2)-(SUMY)**2) 
B=((N2)*(SUMDYY)-(SUMY)*(SUMDY) )/ 
((N2)*(SUMY2)-(SUMY)**2) 
k=0,tf3*f3*(-B)
1=(-A/B)
I
G(J)=k* (T(J)- 
TO(L)) 
X(J)=L*(1-1/10 
**G(J))
G(J)=0
X(J)=0
SUMSQD(L)=0
SUMSQD(L) =SUMSQD (L) + (X( I) • 
Y(I))**2
1=1+1
1
T0(L+1)=T0(L) Call Subrotine
+0.05 Am ini
I
L=L+1 SUMSQD(KK)=PL
Flow Chart For The Slope Method ©
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—  oN1-I
1=1+1
Nl-I
<0
J=J+1
1 = 1
1= 1+1
s t o p)
Nl-I
J-1
=  0
T(1)=TO(KK)
G(I)=0
X(J)=0
Initialize all 
sums to zero
DIFYY(I)=DIFY(I)*Y(I) 
Y2( I) = Y(I)**2______
G(J)=k*(T(J)-TO(L))
X( J) =L*(1-1/10**G(J))
SUMY =SUMY+Y(I)
SUMDY = DIF (I) +SUM DY 
SUMDYY=SUMDYY+DIFYY(I) 
SUMY2 =SUMY2 +Y2(I)
DIFY(I+1)=((Y(I+1)-Y(I))*(T(I+2) 
-T(I+1))/(T(I+1)-T(I)) 
+(Y(I+2)-Y(I+1))*(T(I+ 
1)-T(I))/(TI+2)-T(I+1) 
))/T(I+2)-T(I))
A=((SUMY2)*(SUMDY)-(SUMY) 
*(SUMDYY)/((N2)*(SUMY2) 
-(SUMY)**2 
B=((N2)*(SUMDYY)-(SUMY)*
(S U M D Y ) ) / ( ( N 2 ) * ( S U M Y 2 ) 
- ( S U M Y ) **2) 
k=0.^3*(-B)
L=(-A/B)
Flow Chart For The Slope Method (Continued)
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DIMENSION
1=1
>o
PMIN=SUMSQD(I)SUMSQD(I)
1=1+1
M=L
SUMQD(M)
>o
< o
PMIN-SUMQD(M)
L=M
o<
( Return
Flow Chart For Subrotine Anine
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Appendix B - Computer Programme and Flow Chart 
For The Moments Method
/ / C M O M E N T S  J OB  )S 7 2 1 0 1 6 4 9 2 * . @ H. I. ALI @ «C L A S S = C .TIME = 6
/ / E X E C C L G  E X E C  FORTGCl-G .P A R M  • F O R T  = @S CD  « I DC?
//'FORT. SYS  IN DO *
C THE M O M E N T S  M E T H O D
C C O M P U T E R  P R O G R A M  F O R  D E T E R M I N I N G  @l<@ . @LA@ . AND@TO@ V A L U E S
C FOR A G I V E N  BOD D A T A  G A T H E R E D  AT RE G U L A R  OR IRREGULAR
C TIME IN TERVALS .
. C K = R A T E  AT WH I C H  B OD  IS E X E R T E D  IN 1/DAYS .
C L = U L T I M A T E  BOD OF FIR S T  S T A G E  IN MG/L .
C T0 = LAG P E R I O D  IN DAYS •
D I M E N S I O N  Y ( 2 0 ) . T ( 2 0 ) i A T Y (20). S < 2 0 ) » Z ( 2 0 ) i X ( 2 0 ) * T O I (20)»
1V ( 20 > «W < 20)
C AK = K
C AL=L
W RI T E  (6.2)
2 F O R M A T ( 1 H I .1 0 X . 8 H R E S U L T S •)
R E A D (5. I ) N *
1 F O R M A T  (115)
C N = N U M B E R  OF BOD O B S E R V A T I O N S  .
R E A D (5.3) (T(I)» 1=1.N)
3 F O R M A T (8 F 10•5)
C T = TI ME  IN DAYS  .
R E A D (5.5) ( Y ( I ) , I = 1 , N )
5 F O R M A T (8 F 10•5)
C Y = BOD EX ER TED IN T I M E  T IN MG/L .
SUMT = 0
SU MT2=0
SUMY = O
SUM TY =0
S U M T 2 Y = 0
DO 100 1=1«N
SU MT  = SUMT + T < I )
S U MT2=  SUMT 2 + (T ( I ) )**2 
SUMY  = SUMY + Y ( I )
S U M T 2 Y  = S U MT 2Y + (<(T ( I ))* *2> * Y C I ))
ATY < I ) = (T( I > )*Y(. I >
SU M T Y  = SUMTY + A T Y (I )
100 C O N T I N U E
AN = N j
W R I T E (6.4) j
4 F O R M A T ( 19 X.1 H T . 1 6 X . 1 H Y . 1 6 X . 2 H T Y )
WRITE(6.6) (T (I),Y (1).ATY(I), 1=1.N)
6 F O R M A T ( 1 O X .F 15* 5 . 2 X , F 1 5 . 5 , 2 X . F 1 5 « 5 )
W R I T E (6*8) SUMT . SU MY  « SU M T Y
8 F O R M A T ( 1 O X .5 H SU MT = E12«3.2X»  5 H S U M Y  = E 1 2 . 3 . 2 X . 6 H S U M T Y = E 12.3) 
RAT = ( ( (SUMTY)/ ( S U M T ) ) - ( ( S U M Y ) / (A N ) ))/(((S U M T 2 Y )/ ( S U M T 2 ) )
1-((S U M Y )/(A N )))
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F O R  THE FIRST TRIAL K IS AS SU ME D = 0.005 
AK = 0.005 
150 DO 200 J=1,N
200 S(J) = AK * TCJ)
R A T I =0 
RA T2 =0  
RA T 3 = 0  
.DO 300 J = 1 ,N 
R A T 1= RATI +• 1 . 0 / 10.0**S(U>
RAT 2  = RAT2 + (T (J ))/ 10 .G * * S (J )
R A T 3  = RAT 3 + ( 1.0 / 10.0 * * S (J ) )*(<T (J ) )**2)
300 C O N T I N U E
RATI 01 = ( (SUMT2)*< (- A N )*(R A T 2 > + (S U M T >*(RAT 1 ) ) )/( (SUMT)*
1 ( ( - A N ) * ( R A T 3 ) + ( S U M T 2 ) * ( R A T 1 )))
IF (RAT 101— RAT) A O . 50, 50  
40 AK = AK + 0.01 
GO TO 150 
50 W R I T E (6,10) RAT 101,AK
10 F O R M A T ( 1 O X ,7 H R A T 101= E 12.3/1 O X , 3 H A K = F 10.5)
RAT I 02 = ( ( - A N ) * ( R A T 2 ) + ( S U M T ) * ( R A T I )) / ( A N * ( S U M T ) )
CL = ((S U M T Y / S U M T ) - ( S U M Y / A N ))/RAT I 02
RAT I 03 = RA TI /A N
AL = (RAT I 0 3 * ( ( S U M T Y / S U M T )— (S U M Y / A N ) )/RAT I 02) + (SUMY/AN)
C = (CL/AL)
TO = ( A L 0 G 1 0 ( C ) )/(AK)
W R I T E (6,12) AL 
12 F O R M A T  ( 1 0 X , 3 H A L = F 1 0 . 5 >
WRI TE (6 , 14 )' TO 
14 F O R M A T ! 1 0 X , 3 H T O = F 1 0 . 5)
X = L A (1.0— 10.0**— K (T - TO))
DO 400 J = 1 ,N
Z(J) = A K * (T (J )— T O ) '
X(J> = A L * < 1 , 0 - 1 . 0 / 1 0 . 0 * * Z ( J ))
X = C A L C U L A T E D  BOD V ALUE E X E R T E D  IN TIME T •
400 C O N T I N U E
W R I T E (6,16)
16 F O R M A T ( 1 H 1 , 19X , 1H T , 10X,1HX)
W R I T E (6,18) (T (J > ,X (U ) » U = I ,N )
■18 FORMAT! 1 OX , F 15 . 5, 2X , F 1 5 . 5 >
SUMSQ = 0 . 0  
DO 800 I = 1 ,N 
800 S U M S Q  = SUMSQ + (A 8 S (Y (I )- X (I )))**2
W R I T E (6,101) SUMSQ 
101 FORMAT! 10X,6HSUMSQ = E20.8)
A P P R O X I M A T E  C A L C U L A T I O N  FOR LAG P E R I O D  T .1 (O )
W R I T E (6,20)
• 20 FORMAT( 1H1 , 1 0 X , 35HA PP R0XIMAT E VALUE FOR LAG PERIOD TO)
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DO 500  I= 1 ♦ N 
VV = I
WCI) = (1.0 - ( Y < I ) ) /At- )
I F ( W. ( I ) ) 2 5 0 » 2 5 0  * 500 
C Y = LA (1.0 - 10.0** — K ( T— TO 1 )')
• C T O T  = THE LAG P E RI OD  IN D A Y S  .
500 TO 1 ( I ) = T ( I > +■ ( AL0G1 0(W( I ) ) )/AK
.GO TO 350 
250 VV = I - 1
350 SUMTOl = 0.0 
NB = VV
DO 6 00 J = 1 ( N B
SUMTOl = SUMTOl + TOl(J)
600 C O N T I N U E
C AVTO = AV E R A G E  VALU E F O R  THE LAG P E R I O D  IN D A Y S  .
AVTO = S U M TOl/VV 
W R I T E ( 6 . 2 4 ) A V T 0  
24 F O R M A T ( 15X » 5 H A V T O = F 15.5)
STOP
END
/ *
/ / G O . S Y S  IN DD *
//
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1.79
G a p ©
1 d i m i m s i o n I 
liyil
- I-  V.
/R E A D  KN,T(I)&Y(I)7
Initialize all sums 
to zero
hb1 I
SUMT=SUMT + T(I)
SUMT2=SUMT2+T( I)**2 
SUMY =SUMY +Y(I)
SUMT2Y =SUMT2Y+ (T(I)**2)*Y(I)) 
ATY(I) =T(I)*'Y(I)
SUMTY =SUMTY+ATY(I)
ks0.005
|S(J) =k^r(I)
J= J+ 1
RAT1=0 
RAT2=0 
RAT3=0
h h
RAT1=RAT1+1/10**S(J) 
RAT2=RAT2+T(J)/10**S(J) 
RAT3=EAT3+(1/10** S C J)* 
T(J)**2)
k = k + 0 .0 0 ? RATIO1-RAT
/\J
RATI01 = ( (3UMT2) * ( ( - AIT* (RAT2 ) + ( SUMT) 
*(RAT1;))/((SUMT)*((-AN)* 
(RAT3)+(SUKT2)*(RAT1)))
 ......... T  "----
R A T = ((S U M T Y )/(S U M T ) ) -((S U M Y )/(H )))/
(((SUMT2Y)/SUKT2))-((SUMY)/(N)))
RAT102=((-K)*(RAT2)+(SUMT)*(RAT1 
))/(N*SUMT)
CL =. ( ( SUMTY/SUM)-SUMY/N)RATI02 
RAT103 =RAT1/AN
L =RATI03* C(SUMTY/SUKT)-(SUMY/ 
N))/RATI02)+(SUMY/N)
C =(CL/L) 
t ALOG(C))/k
LiEl
Z(J) =k*(T(J)-tQ)
X(J) =L*(1-1/10**Z(J)
I J=J+1 I
/  WRITE,k,L,T(J)&X(J) /
11= 11+n
CsTOP )
Flow Chart For The Moments Method 
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Appendix C - Computer Programme and Flow Chart 
For The Graphical Method
/ / A G R A P H I C  JOB )S72l0 16492*iU H.I.ALI @ i CLASS=A , T I ME = 2
/ / E X E C C L G  EXEC F OR TGC LG i P ARM •FORT = OBCD i ID®
/ / F O R T . S Y S  IN DD *
D I M E N S  I ON T ( 20 ) i Y ( 20 ) i 2 (20 ) i T01 <20) i G (20) i X ( 20 ) i il ( 20 ) i V C 20 > 
READ(Bill) NN 
11 F O R M A T (115)
C NN = NU M B E R  OF BOD E X P E R I M E N T S
DO 1 000' I I = 1 iNN 
C A!< = l<
C AL = L
READ C5il) N.H 
1 F O R M A T ( I 5 i F 15.5)
C N = NUM B E R  OF d OD O B S E R V A T I O N S
C H = TIME INTERVALS B E T W E E N  THE O j S E R V A T I O N S
READ C 5 i3) (T ( I ) i I = 1.N)
3 FO R M A T  (-SF10.5)
C T = I N C U U A T m TION TIME IN d a y s
R E A D ( 5 i5 ) ( Y ( I )i 1 = 1 iN)
5 FORMA T C8F10.5)
C Y = BOD O B S E R V A T I O N S  IN MG/L
AN = N
N 1 = N — 1
DO 100 1 = 1.1 N
IF(I.EQ.N)(iO TO 50 
Z(I) = YC1+1)-YCI)
100 CON TI N U E  
50 Z ( I ) = 0 .0
SUMY =0 
SUMZ =0 
SUMY Z =0 
S U M Y 2 =0 
DO 200 I= 1 iN1 
SUMY = Y (I ) + SUMY 
SUMZ = Z (I ) + SUMZ 
SUMYZ = ‘ Y ( 1 ) * Z ( I ) + S UMYZ  
S U M Y 2 = Y ( I )**2 + SUMY 2 
200 C O N TINU E  
AN 1 = N 1
B = ( (S U M Y 2 ) * ( S U M Z )-(S U M Y )* C S U M Y Z ) )/(AN 1 * ( S U M Y 2 ) - ( S U M Y )**2 5 
C . = C AN 1* (SUMYZ) -< SUMY ) *< 5Ur*iZ ) ) / ( AN 1 * (S U M Y 2 ) - ( SUMY) **2)
A = (-B/C)
AL = A
Ai< = ( 1 . 0/H)*ALOGlU(A/(A-i3) )
W R I T E ( 6 i2)
2 F O R M A T < 1H 1 i6 X 129HTHE M O D I F I E D  G R A P H I C A L  METHOD)
WRITE(6i20)
20 F O R M A T (6 X i 7 H R E S U L T S )
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W R I T £ ( 6 » 4 )
4 F O R M A T C 1 5 X . 1 H T * 2 U X (lHY,H2Xt1HZ)
W R I T E < 6 »6 ) < T < I ) » Y ( I ) , Z ( I >. 1 = 1 tN)
6 FORMATC 10X.F10.4* 1 IX,FIJ.4t 14X.F10.4 )
W R I T E (6 *6 ) SUMY » SUMZ »S U M Y Z i 5 U M Y 2  
8 F O R M A T C 1 3 X . 1 3 H S U M Y C 1, N - 1 ) = F l u . 4 i 2 X  « 12H SUM Z <1»N — 1 )= F 10*5 
1/ / 18X <1 3 H S U M Y Z ( 1 » N - 1)=E 10.5//13X» 13 H S U M Y 2 ( 1 t N - 1)= E 10.5) 
WRITE C 6 i 10) Ai< tAL 
10 F ORMAT C/ 1 8 X i 3 UK = F 2 0 .5/18 X i 3 H L  =F20.5)
C A P P R O X I M A T E  JCALCULAT I ON FOR LAG PE R I 00 TO
DO 300 • I = l.i N
VV = I
W ( I ) = ( 1 .U - CYC I ) >/AL)
IF C W ( I ) ) 3 5 0 1350 » 300
300 TO 1 C 15 = ,TCI) + <AL0G10CWC I ) ) )/AK
GO TO 450 
350 VV = I - 1
450 SUMTOl = 0.0 ■
NB = VV
DO 400 J = 1 » NB
SUMTOl = SUMTOl + TOl(J)
400 CO NTI N U E
AVTO = SUMTOl/ VV  
W R I T E (6 1 14)AVTO 
14 F O R M A T C 1 5 X . 5 H A V T 0 = F 15.5)
TO = AVTO
DO 500 J=1«N
G ( J) = Al<* C T ( J) -TO )
X(J) = A L * ( 1 . 0 - 1 . 0 / 1 0 . U * * G ( J ) )
C X = C A L C U L A T E D  BOD VAL U L S  IN MG/L
500 C O N T I N U E
W R I T E (6 1 16)
16 F O R M A T C 1 H 1 , 1 9 X i 1H T , 15X,1HX)
W R I T E C 61 18) CTCJ) »X(.U) » J=1.N)
18 FORMAT  C 1 OX »F15.5i2X *F15.5)
.1 0 00 C O N TIN UE  
STOP 
END
/#
// GO . S Y S I N  DD *
//
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( start;
* r
( d i m e n s i o n!
/  READ, Nil, N , H , T (I)/ 
/  &Y(I) /
f e n -W i  =h- 1
Z(I) =0
z (i)=y (i+ i-
T(I)
1=1+1
>o
Initialize all 
sums to zero
E D
_________  H ___
SUMY =Y(I)+SUMY 
SUMZ =Z(I)+SUMZ 
SUMYZ=Y(I)* Z(I)+SUMYZ 
SUMY2=Y(I)**2+SUMY2 
I
■^o
AN1=N1
B=((SUMY2)*(SUMZ)-(SUMY)*(SUMY Z))/ 
(AN1 *(SUMY2)-(SUMY)**2)
C=(AN1 *(SUMYZ)-(SUM)*(SUMZ))/(AN1 
*(SUMY2)-(SUMY)**2)
A=(-B/C)
L= A
k= (1 /H) *ALOG10 ( A/.( A-B))__________
r r n - H
V(I) =1 
W(I) =(1 — C Y(I))/A) |
T01(I)=T(I)+(ALOG10 
(W(I)))/k 0
Q.=l+i| V(I)=I+1
>0
;— a
f SUMTOl =0
.  i
I KB =V(I)I
H I  
1=3
SUMT01=SUMTO1+T01(J)
I J=J+1
J-
C  o
AVTO =SUMT01A(I)I
,-i 
H=I
G(J)=k*(T(J)-AVTO)
X(J ) = A* (1 - 1/10**G(J)
IT
jj=j+1
/■7RITE k , L , AVTO fX( J)&T( J )/
AVTO =t.
i ii = ii-m
II-NN
( STOP")
Flow Chart For The Graphical Method
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Appendix D - BOD of Raw Sewage, Primary Settled 
Sewage, Final Effluent, and Synthetic Medium 
BOD of Raw Sewage Samples
Time BOD mg/1
in Sample 1 Sample 2 Sample 3
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 22.5 25.0 26.0 36.0 20.0 19.5
2 35.0 40.0 46.0 53.0 36.0 46.5
3 39.0 46.5 56.5 60.0 42.0 50.0
if 51.0 60.5 68.0 83.0 • 48.O 54.5
3 58.0 71.5 74.0 88.0 56.0 66.0
6 60.0 84.5 77.5 92.0 59.5 71.5
7 69.5 86.0 82.5 97.0 65.5 v 74.5
8 70.5 97.5 89.0 99.0 74.0 83.5
9 72.5 100.5 90.0 100.0 69.0 80.0
10 75.0 105.0 90.5 100.0 73.0 84.O
11 77.5 106.0 • 94.5 102.0 75.0 88.5
12 79.5 108.0 99.0 102.0 79.0 89.O
13 85.5 108.0 102.0 102.5 79.5 89.5
1if 87.0 108.0 102.0 103.0 82.0 85.0
1
iI
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BOD of Raw Sewage Sample (Continued)
Time BOD mg/1
in Sample' 4 Sample 5 Sample 6
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 19.5 34.5 44.0 51.5 26.5 40.5
2 30.0 40.0 59.0 70.0 44.5 56.5
3 40.0 49.0 74.0 79.0 51.5 64.5
4 48.5 54.5 81.0 93.0 54.5 . 66.0
.5 58.5 62.5 93.5 101^5 59.0 76.0
6 59.0 65.0 102.0 114.0 74.5 84.0
7 66.5 74.0 114.0 123.0 79.0 ' 92.0
8 68.0 76.5 119.5 129.0 84.5 104.0
9 70.0 79.5 ■128.0 132.5 88.5 107.0
10 76.0 80.0 — — 92.5 109.5
11 76.0 82.0 — — 96.0 112.0
12 77.0 84.5 — 98.5 112.0
13 — — — — 100.5 112.5
14 — i — — 102.0 113.0
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BOD of Raw Sewage Samples (Continued)
Time BOD mg/1
in Sample ? Sample 8
Days Unstirred Stirred Unstirred Stirred
0.5 21.0 2it.O 25.0 26.0
1.0 35.0 45.0 i 39.0 43.0
1*5 52.5 58.5 44.0 49.5
2.0 61.0 68.5 53.5 59.0
2.5 65.0 71.0 55.0 63.5
3.0 70.0 83.5 59.5 72.5
3.5 77.0 84.5 61.0 74.5
4.0 85.0 100.0 67.0 85.5
4*5 90.0 103.0 70.0 92.5
5.0 96.0 110.0 75.0 97.0
5.5 ‘ 102.0 117.0 ■ — —
6.0 103.0 122.0 77.0 101.0
6.5 116.0 127.5 — —
7.0 116.0 131.0 89.0 105.0
8.0 121.0 131.5 90.5 111.0
9.0 124.0 139.0 97.0 117.0
10.0 132.0 145.0 101.5 123.0
11.0 133.5 '150.0 106.0 133.0
12.0 135.0 150.0 109.0 155.0
14.0 149.0 155.5 — —
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BOD of'Primary Settled Sewage Samples
Time BOD mg/l
in Sample 1 Sample 2 Sample 3
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 15.5 18.0 17.0 23.0 10.0 17.0
2 25.5 29.0 29.0 38.0 14.5 30.0
3 31.0 36.0 35.5 44.0 25.0 . 38.0
4 32.5 43.5 39.0 55.0 35.0 46.5
5 36.5 50.0 47.0 54.0 46.5 58.5
6 46.5 52.0 48.0 58.0 48.5 63.0
7 51.0 59.0 55.0 62.5 56.0 69.5
8 53.5 59.0 58.0 77.0 58.0 72.0
9 58.0 60.0 83.0 86.0 67.5 76.5
10 59.0 60.5 95.0 97.0 72.5 75.0
11 58.5 63.5 105.0 105.0 85.0 85.0
12 65.0 69.0 118.5 117.0 86.0 101.0
13 67.0 70.0 113.5 119.0 120.0 118.0
14 — — 135.0 134.0 120.0 122.5
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BOD of Primary Settled Sewage Samples (Continued)
Time BOD mg/1
in Sample 4 Sample 5 Sample 6
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 13.5 18.0 35.0 35.0 26.0 27.5
2 16.5 22.0 44.0 50.0 31.5 35.0
3 22.0' 30.5 49.5 65.0 41.0 41.5
4 26.0 34.5 57.0 70.0 47.0 54.0
5 36.0 39.0 63.0 76.5 54.5 65.0
6 38.5 44.0 68.0 79.5 58.0 66.0
7 46.0 44.0 79.5 85.5 65.5 70.5
8 46.5 48.0 83.5 86.5 66.0 70.0.
9 45.5 51.5 82.5 90.0 68.0 73.0
10 49.0 51.5 85.0 92.0 70.5 81.0
11 51.0 53.0 92.5 99.5 72.0 79.0
12 52.0 65.0 97.5 105.0 72.5 81.0
13 60.5 83.5 108.0 112.0 75.0 79.5
14 66.0 78.5 130.0 144.0 75.0 81.0
15 — — — — 75.0 90.0
16 — — — 75.0 100.0
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\
BOD of Primary Settled Sewage Samples (Continued)
Time
in
Days
BOD mg/1
Sample 7 Sample 8 Sample 9
Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 26.5 28.5 29.0 30.0 48.0 60.5
2 34.5 38.5 44.5 51.5 70.5 80.0
3 37.0 44.0 • 48.5 56.0 77.5 83.5
4 41.5 50.5 61.5 67.5 82.0 93.0
5 45.5 57.5 63.0 73.0 87.5 92.0
6 47.0 61.0 68.0 79.5 93.5 102.0
7 50.5 66.0 75.0 82.0 93.0 105.0
8 57.0 68.5 76.5 83.5 96.0 112.5
9 57.5 70.0 82.0 94.0 101.5 118.0
10 55.0 70.5 92.5 105.5 105.5 128.0
11 59.0 71.0 97.5 119.0 108.5 133.0
12 — — — — 116.0 132.5
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BOD of Primary Settled Sewage Samples (Continued)
i
189
Time BOD mg/1
•
in Sample 10 Sample 11 Sample 12
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
0.5 28.0 55.0 54.5 i 48.0 10.0 10.0
1.0 55.0 41.0 44.5 62.0 17.0 17.0
1.5 44.5 54.5 54.5 75.0 18.0 23.0
2.0 50.0 59.0 65.5 80.5 21.5 25.0
2.5 56.5 68.0 68.5 85.0 24.5 27.0
5.0 59.0 75.0 77.5 87.5 25.5 30.0
5.5 67.0 77.5 84.5 • 92.0 28.0 32.0
4.0 72.0 87.5 91.0 97.0 29.5 38.0
4.5 77.0 90.5 — 32.0 41 .0
5.0 79.5 97.5 96.0 103.0 32.0 42.0
5.5 82.0 98.0 — — — —
6.0 85.5 98.0 101.5 103.0 36.0 43.5
6.5 89.5 102.0 — — — —
7.0 91.0 105.5 — 38.0 48.5
7.5 92.0 103.5 — — — —
8.0 98.5 112.0 — — 39.5 53.5
9.0 104.0 115.5 —  . — 42.5 54.0'
10.0 112.5 120.0 — — 44.5 56.0
11.0 — — — — 46.5 57.5
12.0 — — — — 50.0 58.0
14.0 — — — 51.0 66.0
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BOD of Final Effluent Samples (3M Ammonium Chloride Added)
Time
---- -— ................................. .. . 1 — i
BOD mg/1
in Sample 1 Sample 2 Sample 3
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 1.30 3.15 1.40 1.80 0.95 0.95
2 1.60 2.30 1.60 2.30 1.25 1.40
3 1.75 2.95 2.10 2.80 1.45 1.65
4 2.05 3.30 2*30 3.50 1.55 1.90
3 2.20 3.65 2.40 3.50 1.55 1.95
6 2.75 3.70 2.40 3.65 1.55 2.05
7 2.80 3.90 2.40 3.85 1.60 2.15
8 3.00 . 3.95 2.40 4.20 1.60 • 2.20
9 3.10 3.95 2.40 5.00 1.60 2.25
10 3.25 4.00 3.20 5.20 1.75 2.30
11 3.25 4.10 3.20 5.30 1.75 2.85
12 3.25 4.40 3.50 .5.60 2.00 3.30
13 3.25 4.50 3.90 5.65 2.60 3.50
14 3.25 4.55; 3.90 5.70 3.10 3.95
15 3.25 4.55 — — — —
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(continued)
BOD of Final Effluent Samples (3M Ammonium Chloride Added)
Time BOD mg/1
in Sample 4 Sample 5 Sample 6
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 0.25 0.30 0.90 1.00 • o o 0.95
2 0.30 0.85 1.10 1.60 1.80 1.85
3 0.60 1.25 1.60 1.95 1.85 2.45
4 0.80 1.40 2.00 2.30 2.00 2.60
5 0.90 1.55 2.30 2.60 2.10 2.85
6 1.00 1.65 2.40 3.05 2.60 3.30
7 1.10 • 1.75 ' 2.60 3.45 2.70 • 3.80
8 1.15 1.70 2.85 3.45 2.75 4.10
9 1.20 1.40 3.00 3.55 3.05 4.80
10 1.20 1.95 3.00 3.80 3.35 5.10
11 1.40 2.10 3.10 4.20 3.40 . 5.60
12 1.50 2.20 3.40 4.60 3.50 6.10
13 1.50 2.30 3.65 4.90 3.60 6.20
14 1 .80 2.80 3.90 5.60 3.65 6.55
15 — — — — 3.80 6.80
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j
(Continued) *
BOD of Final Effluent Samples (Pasteurized and Reseeded)
Time BOD mg/1
in Sample 7 Sample 8 Sample 9
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
0.5 2.4° 2.55 0.90 0.95 0.75 1.30
1.0 3.15 . 3.95 1.80 2.50 1.60 1.75
1.5 4.15 4.80 1.95 2.75 2.00 2.60
2.0 4.20 • 5.05 2.55 3.65 2.50 3.30
.2.5 . 4.65 5.35 3.05 ' 3.70 2.90 4.00
3.0 4.80 5.65 3.40 5.00 3.00 4.60
3.5 5.60 6.50 3.75 5.75 3.30 4.75
4.0 5.75 6.75 4.65 6.25 4.00 5.00
4.5 5.95 7.40 5.35 6.85 — —
5.0 6.60 8.15 5.45 7.15 4.30 7.25
5.5 — — 5.75 7.40 4.60 7.40
6.0 7.40 8.85 5.90 7.70 5.40 8.30
7.0 7.75 9.20 7.10 8.00 5.80 8.80
8.0 7.95 9.60 8.oo 8.75 7.00 9.15
9.0 8.50 9.60 8.90 9.35 7.50 8.85
10.0 — — 9.85 10.30 7.60 10.80
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BOD of Final Effluent' Samples
Time BOD mg/1
in Sample 1 Sample 2 Sample 3
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 0.80 1.70 1.50 3.05 1.35 1.55
2 1.20 1.75 1.90 3.54 1.95 2.95
3 1.80 2.40 2.70 4.10 3.95 7.00
4 2.40 3.00 3.20 4.65 6.85 • 16.15
5 3.00 3.45 3.30 5.85 13.05 22.55
6 3.35 4.60 3.60 6.60 19.90 M M
7 4.50 7.65 5.10 6.60 22.85 M M
8 6.30 9.70 5.30 10.90 — --
9 7.00 .16.00 6.90 19.30 — --
10 7.70 27.80 .11.40 31.40 — -----
11 9.20 36.55 12.30 34.00 — -----
12 9.90 43.25 16.80 — — -----
13 — — 20.00 — --
14 — — 20.00 - - — --
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i9k
BOD of Final Effluent Samples (Continued)
Time
in
Days
BOD mg/1
Sample 4 Sample 5 Sample 6
Unstirred Stirred Unstirred Stirred Unstirred Stirred
1 0*50 0.70 0.45 2.20 0.90 0.90
2 0.65 0.90 2.05 3.00 • 1.80 2.55
3 0.90 1.05 2.10 6.85 2.10 2.90
h 1.20 1.45 ' 4.40 10.80 2.35 5.00
5 1.70 2.60 6.70 25.20 2.60 5.30
6 . 2.90 3.35 12.40 28.50 3.60 7.30
7 3.35 6.80 15.90 «■ mm 4.85 10.10
8 3.65 11.10 25.80 — 5.75 16.60
9 5.70 18.70 28.00 — — —
10' 6.8o 24.55 — — 8.90 32.60
11 6.70 30.50 — — 1 1.20 34.40
12 11.50 31.65 — — 13.40 36.80
13 13.00 ' 32.70; — — 23.40 39.50
14 16.00 34.101 — — 25.80 41.40
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BOD of Synthetic Media (3M Ammonium Chloride Added)
195
Time . BOD mg/1
-
in Sample 1
*
Sample 2 Sample 3
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
0.5 5.0 8.0 — 7.0 3.0 11.0
1.0 18.0 108.0 90.0 168.5 5.0 46.5
1.5 78.0 126.0 — 192.0 44.5 81.5
2.0 105.0 142.0 206.5 219.0 84.O 99.5
2.5 117.0 148.0 — 220.5 89.5 100.0
3.0 127.0 150.0 217.5 228.0 93.5 101.0
3.5 131.5 152.0 — 230.0 95.0 102.0
4.0 133.5 154.0 219.0 230.0 95.0 104.0
4.5 135.0 154.5 •m+m- 234.0 96.0 104.0
5.0 136.5 156.0 219.0 232.0 97.5 104.0
5.5 141.0 156.5 — 234*6 97.5 104.0
6.0 142.5 157.5 219.5 — 97.5 104.5
6.5 146.0 159.0 — — — 105.0
7.0 146.0 159.5 243.0 — 99.0 105.0
7.5 146.0 161.0 — — — 105.0
8.0 146.5 162.5 — — 115.0 105.5
9.0 148.0 162.0 . — — 115.0 —
10.0 I48.O 162.5 — — — . —
11.0 161.5 . 164.0 — — — —
12.0 161.5 163.0 . — — —
* Dextrose of 500 mg/1 Concentration •
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(Continued)
BOD of Synthetic Media (3M Ammonium Chloride Added)
Time BOD mg/1
in Sample 4 Sample 5 Sample 6
Days Unstirred Stirred Unstirred Stirred Unstirred Stirred
0.5 — 2*5 — 17.5 4.0 7.0
1 . 0 1.5 8.5 33.5 101.0 4.5 7.5
1.5 ■ a w * 96.0 — 107.5 . 7.5 32.5
2.0 25.5 107.5 106.5 116.5 27.0 104.0
2.5 - - 108.0 — 118.0 64.O 112.0
5.0 105.5 108.5 110.0* 120.0 100.5 112.0
5.5 — 110.5 — 121.5 104.0 120.0
4.0 109.0 115.5 11 0 122.0 108.0 124.5
.4.5 — 114.0 — 125.0 —
5.0 112.0 117.0 127.5 130.0 112.5 125.0
5.5 - - 117.5 — 135.0 —
6.0 115.0 119.0 135.0 137.5 117.5 126.0
6.5 — 120.0 — 141.0 — —
7.0 120.0 121.0 140.0 152.0 120.5 126.0
7.5 — 118.5 — 154.5 — —
8.0 120.0 123.5 145*0 160.0 . 121.5 125.0
8.5 — 130.0 — 167.5 — —
9.0 122.5 131.5 147.0 — mm  mm .. —
10.0 122.5 131.5 150.0 — —
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w(Continued)
BOD Of Synthetic Media
Time
in
Days
BOD mg/1
Sample 7 Sample 8 Sample 9
Unstirred Stirred Unstirred Stirred Unstirred Stirred
0.5 4.0 16.0 7.5 15.0 4.0 20.0
1.0 7.5 27.5 13.5 53.0 17.5 32.0
1.5 16.0 39.0 30.0 95.0 43.0 75.0
2.0 25.0 105.5 88.0 112.5 70.0 -96.0
2.5 118.0 131.5 94.0. 119.5 96.0 108.0
3.0 118.0 141.5 103.0 120.0 103.5 120.0
3.5 130.0 143.0 109.0 121.0 106.5 121.0
4.0 131.0 144.0 109.0 125.0 107.5 125.0
4 .5 131.5 144.5 112.5 125.0 107.5 127.0
5.0 132.0 144.5 112.5 128.0 112.5 127.0
5.5 — 116.5 130.5 112.5 127.0
6.0 133.0 146.0 116.5 131.0 115.0 127.0
7.0 135.0 146.0 124.0 127.0 115.0 127.0
8.0 135.0 146.0 112.5 133.0 —
9.0 — . — — — 122.5 123.5
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Appendix E - Effect of Temperature on BOD 
Progression of Dextrose - Bun 1
Incubation BOD mg/ 1
time Unstirred Stirred
in Temperature of Incubation C°
Days 5 20 35 5 20 35
0 .5
#
7.5 16.5
*
wm 19.5 71.0
1.0 - 12.5 40.0 - 21.5 108.5
1.5 - 17.5 109.5 - 66.0 149.0
2 .0 - 86.0 115.5 mm 121.5 151.5
2.5 m i 104.5 119.0 mm H 6 .5 152.0
3.0 - 130.0 139.0 - 149.5 162.5
3 .5 - 131.0 140.0 158.0 163.0
4.0 - 140.0 11+7.0 - 162.5 172.5
4.5 - 144.5. 154.5 Mi 170.0 179.0
5.0 - 149.0 156.0 Ml 173.0 182.5
6.0 - 157.5 163.0 Mi 176.0 185.0
7.0 - 157.5 171.5 mm 176.5 185.5
o
•
CO
-  ■ 163.5 175.0 - 185.0 186.0
No biological activity was observed at this temperature.
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Effect of Temperature on BOD Progression of Dextrose - Run 2
Incubation
time
in
Days
BOD mg /I
Unstirred Stirred
15
Temperature of Incubation °C 
.20 25 15 20 25
0.5 7.5 10.0 12.5 10.5 11.0 23.5
1.0 9.0 11.5 17.5 15.5 19.0 38.5
1.5 16.0 27.0 . 37.5 . 17.5 38.0 107.5
2.0 25.0 65.0 76.0 40.5 80.0 125.0
2.5 33.0 99.5 110.0 70.0 123.5 145.0
3.0 74.0 . 102.0 139.0 107.0 127.0 152.0
3.5 111.5 111.5 155.0 130.5 158.0 169.0
4.0- 114.0 135.0 167.5 132.5 149.5 178.5
4.5 127.5 159.0 178.0 139.0 184.5 180.0
5.0 131.0 170.0 180.0 144.5 185.0 188.5
6.0 140.0 178.0 185.0 155.5 197.0 191.5
7.0 141.0 180.0 187.5 160.0 202.5 198.5
8.0 151.5 .180.0 190.0 165.0 203.5 201.5
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Effect of Temperature on BOD Progression of Dextrose - Run 3
i
Incubation
time
in
Days
BOD mg /I
Unstirred Stirred
10
Temperature of
20 30,
t
Incubation °C 
10 20 30
0.3 7.5 9.0 8.0 5.5 19.0 30.0
1.0 10.Q 20.5 57.5 11.0 26.5 115.5
1.5 12.Q 21.5 100.0 13.0 • 46.5 130.5
2.0 13.Q 44.0 100.0 15.5 123.0 132.0
2.5 13.5 104.5 112.5 20.0 123.5 134.0
3.0 14.5 105.5 114.0 22.5 125.0 135.0
3.5 15.0 107.5 115.0 26.0 125.5 137.5
4.o 19.0 107.5 117.5 . 30.0 127.5 141.0
4.5 21.5 107.5 ' 117.5 67.0 127.5 141.0
5.0 25.0 110.0 125.0 80.0 129.0 145.5
6.0 32.5 112.5 125.5 97.0 132.5 148.0
7.0 91.0 125.0 132.5 100.5 138.0 148.5
8.0 95.0 127.0 141.5 111.0 140.0 149.5
10.0 ioi.o — — 110.0 —
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Appendix F - Application of Laboratory Data 
to Actual Field Conditions (See page 1330
(i) A flowing stream with a Flat Slope
Whipple et al.* had obtained the following data 
on River Passaic in New Jersey. The k^ value for the river
n 'water at 20 C computed from laboratory BOD progression tests 
averaged 0.269 day"*'1'. The average temperature near the site 
of samples collection was 25°C. The relationship utilized to 
express the k-value at any temperature, T, from its value at 
20°C was:
fep = k20(1.02f7T"20)
for a temperature range of 15-32°C.
The summer discharge was 1330 cfs and it was found 
that the relation of discharge to other hydraulic factors 
(e.g. depth and velocity) at a point on the stream could be 
described by the expressions:
= 0.746 Q0#392f
Vm = 0.020 Q0*52^
♦Whipple, W., Jr. Hunter, J.V., Davidson, B., Dittman, F., and 
Yu, S., "Instream Aeration of Polluted Rivers. Water Resources 
Research Institute, Rutgers University, New Brunswick, New Jersey, 
August 1969.
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where H = mean depth in ftm
Q = discharge in cfs |
and V = mean velocity in ft/sec.m
Q = 1350 cfs 
V « 0.020 Q0 *322*-Trl *
• #
m
Vm = 0.87 ft/sec 
H = 0.7*f6 Q0,392f
Hm = 1 3 . 0  ft 
Q ■ a Vm
a is the cross sectional area of the flowing river
• a = 15^o5 ft2 
Manning*s Equation:
v = 1^ 3. m2/3 sl/2 , i = 40
m n * n
S = (nVm/l.49 m2/3)2
S = 9.0 x 10“6 ft/ft
Assuming N = 50 rpm
-2 • Nb r p 
R = 5.25 x 10 * x ----2—
ro = (1/2) x (1/12) ft
b = (5/16) x (1/12) ft 
p - 1,9k lb mass/ft3 at 20°C
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y = 1.0087 x (2.088 x 10-5) lb Mass/ft. Sec. 
R = 262.0
From the graph, the corresponding CD is
CD = 1.05
P  - 2L_SJi - p g  v S
. v  a.1 P6 m
Pv = 0.49*t5 x 10-5
P.
> ■ 5 /:---- "v2.72 x 10"2 CD p(l-J)3b r£
N * 62 rpm .*. ok.
k * 1.035 k + 3 . W  x lCT4 k Ns q . 9
= 1.035 X  0.269 + 3 . W  x 10"4 X  0.269 x 62
• = 0.284 day"1 at 20°C 
and k25 = k20(1.0if725-20)
= 0.358 day"1 at 25°C.
(ii) Aerated Lagoons
An aerated lagoon is a basin of significant depth 
(6 to 12 ft) in which oxygenation is accomplished by mechan­
ical or diffused aeration units and by induced surface aeration.
It has been reported** that, a power of 20 hp/m. gal. 
of basin volume will provide sufficient turbulence to ensure 
uniform dissolved oxygen throughout the basin. However, this
** Eckenfelder, W.W., Jr., "Industrial Water Pollution Control1*. 
McGraw-Hill Book Company, New York, 1966.
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power level is usually insufficient to maintain solids in 
suspension. As a result most inert suspended solids and 
nonoxidized biological solids settle in the bottom of the 
basin.
5he system can be modified by increasing the tur­
bulence level in the aeration basin to maintain solids in 
suspension and provide a separate sedimentation basin. This 
is expected to yield highly clarified effluent. It is assumed 
that a power of 60 hp/10^ gallons of basin volume is required 
to produce complete turbulence in this case. *
Case I - Providing 20 hp/m. gallons of basin volume
p * £0 0 = 8.25 x 10“2 ft lb/sec/ft5
v 10/7*4-8
Assuming N = 400 rpm
rQ = (1/2) x (1/12) ft 
b = (5/16) x (1/12) ft
p = 1.0087 x (2.088 x 10“ )^ lb mass/ft_. sec.
p s 1.94 lb mass/ft^ at 20°C
R = 2099
From the R_Cjj graph, thej corresponding is
• «
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kg * 1.035 kq + 3.404 x 1 0 kq N
Assuming kq determined from laboratory BOD progression test 
0.10 day"1 at 20°C
k  » 1.035 x 0.10 + 3.404 x 10"^ x 0.10 x 417
S
= 0.118 day"1 at 20°C.
Case II — Providing 60 hp/m. gallons!of basin volume
p - &<L£J>S°. - 2 4 . 7 5  x 10"2 ft lb/sec/ft3
v 10/7.48
Assuming N = 600 rpm
-2 Nb ro p H s 5.25 x 10 x 0
V
= 3148
CD * 0.65
2.72 x 10
601 rpm
N =
k = 1.033 k + 3.404 x lO"^ k N
w *4 T.
= 1 . 0 3 5  x 0.10 + 3o404 X  10"^ X  0.10 x 601
= 0.124 day"1 at 20°C
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